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This paper reports an investigation of the distri- 
bution of the energy, HE, of the secondary electrons released 
in an organie scintillator by secondary gamma radiation 
measured on the same side of a seattering medium as that on 
which the source is located. The investigation was conducted 
by scintillation spectrometry using stilbene on an RCA 6199 
photomultiplier, and employing the technique of Dr. G.J. 
Hine. The amplified detector output is analyzed by a differ-~ 
ential discriminator of constant window width whose base 
line is continuously varied mechanically so a8 to sean the 
energy spectrum. The output is recorded by &@ counting rate 
meter and recording milliemmeter. 

Effeetively semi-infinite scatterers of wood, aluminum, 
iron, tin, and lead were used. The surface of the seatterer 
was always horizontal with its centerline always parallel 
to the source-detector line. The source-detector distance 
was kept at 40 em while their distance, y, above the seatterer 
surface was varied from 0.5 em to 90 cm. Essentially all 
of the secondary gammas originated in the scatterers because 
collimation was avoided. The primary beam was not excluded 
from the detector; the energy spectrum of the primary obtained 
with no scatterer was subtracted from that obtained with the 
seatterer in place. The difference was plotted. These data 


were presented in various ways to show the counting rate as 
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a function of the other three prime variables, E, y, and Z 
(atomic number of the seatterer). 

Auxiliary experiments were run in the same manner 
measuring effects of reducing the surface area of a seatterer, 
changing the primary gamma-ray energy from the mean of 1.25 
Mev from Co"? to 0,663 Mev from Gs!?", and changing the thick- 
ness of one of the scatterers, 

A qualitative discussion is presented for each part of 
the investigation, explaining as far as possible the signi- 
ficant features of the data sueh as maxima and variations in 
intensity observed, and attempting to correlate them with 
the prime variables. <A relation to the density of the scatterers 
is also inferred. 

By consideration of the angular distribution shown in 
Compton-Rayleigh seattering, and by taking into account the 
absorption of the scattered gammas by photoelectric effect 
in high Z materials, satisfactory explanations are found for 
most of the observed phenomena on the basis of existing know- 
ledge. A few features, however, require further observations 


for verification anc clarification. 


Thesis Supervisor: Robley D. Evans 
Title: Professor of Physics 
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I. INTRODUCTION 


A. The interaction with matter of gamma rays and 
hard xerays is inclined to be rather complicated. It is 
also involved in important ways with applications of x- 
rays and nuclear processes, both natural and artificial. 
Probably the greatest practical importance is due to their 
effect on biological tissue, apparently always harmful to 
any Girectly affected cell but not always hsrmful to the 
organism as a Whole, of which the cell is a part.” Le, Mi 

The resulting interest in such interaction has been 
very fruitful, particulerly in determining the mechanisms 
and coefficients for absorption, primarily narrow beam 


Dl, De, Fl, Hle, We In broad bear attenuation 


absorption. 
experiments the loss in a given direction by seattering of 
some primaries away from this direction is partly compen- 
sated for by the scattering of other primaries into the 
given direction, The ratio of primary plus secondary to 
primery is known as the "build-up factor". This also has 


recently come in for considerable attention. >*: H10, F6, 


PS, 54, Ve, YS Complications erise here because the 
seattered radiation has different energies than the pri- 


mary and hence Ccifferent ettenuation coefficients. 
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These difficulties «re aggravated in the area of 
investigation which has received a little less attention, 
nemely the components of scattcred radiation emerging from 
a seatterer in a direction other then thet at which the 
primary enters it. This back-seattered or side-scattered 
radiation can be en important faetor when making measuree 
ments near the ground, shielcing, or ether heavy structure, 
It can result in increased exposure to patients undergoing 
exteusive rodiography or therapy or to personnel working 
with or near x-ray equipment, eceelerators, reactors, or 
radioactive materials. The exposure problem is normally 
aggravated by the greater susceptibility of biolecgical 
tissue to damage by the lower energy seattered radietion. 
Thus the energy spectrum oc the scattered radiation becomes 
of consicerable interest. 

&s will be shown in Section Il, the caleulation of 
this spectrum is exceedingly difficult. Im fact, U. Fano’ 2} 
says in part, "The presence of ground near a source-detector 
system complicates the problem greatly and puts it, in the 
main, beyond the reach of present-day theory®. And approxi- 
mations which are suitable for many problens involving 
ground or conerete, are more restricted when the scatterer 


is of considerably higher atomic number, @eeg., stcel 


(Ze, = 26). 
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The energy spectrum of back-scattered radiation from 
an uvneollimated source hes been investigated by 6G. Hine, 23 
That of radiation scattered at various angles from 2 colli- 

mated source has been reported by E. Hayward and J. H. Hubbe11,. “1 
And experiments have been reported which gave the total 


scattered radiation but not its spectrum.’ ~? WS 


Be. it is the purpose of this thesis to measure the 
energies of the secondary electrons created in a detector 
practically equivalent to soft biological tissue by the 
secondary gamma radiation resulting from the proximity of 
various scatterers to the source-detector system, Other 
seattering agents were reduced as far as practicable and 
kept essentially constant. For simplification the source- 
detector distance (r) was kept constant and the line between 
them was kept parallel to the long edge of the scatterer 
with its center vertically above the center of the hori- 
zontal seatterer. The atomic number of the scatterer was 
varied, and for each scatterer the vertical distance (y) 
of the source and detector was varied. For each geometry 


60 source (1.25 Mev average) 


the energy spectrum with Co 
was taken using as small a stilbene crystal as practicable 
mounted on an RCA 619% photomultiplier tube. The photo- 


multiplier output was amplified and its spectrum analyzed 
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by @ differential diseriminator with pewer-driven scanner. 
The discriminator output was recorded by # counting rate 
meter and an Hsterline-Angus recorder. Kung were repeated 
end these were averaged, From each of these averaged spectra 
there was subtracted the average spectrum obtained with no 
seatterer in place. The energy seale was calibrated with 
internal conversion electrons of ost", An effort has been 
mede to analyze qualitatively these energy spectra of the 
bullid-up as a function of the atomic number of the scatterer 
and the distance of source and detector above the scatterer, 
Seme data have also been similarly obtained and treated using 
& csl?? source (663 Kev) to examine the effect of changing 


the energy of the primaries, 
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II. THEORETICAL ANALYSIS OF THE PROBLEM: IWTERACTION 
OF RADIATION WITH MATTER?» El, Fe, FS, BL 


A. ENC Abe 

Gamma reys, and of course x-rays, interact in one or 
more of several ways With the matter they pase through. 
Fano’ discusses the various modes of interaction particularly 
effectively by dividing them into absorption (A), coherent 
scettering (B), and incoherent scattering (C), any of which 
may oceur with atomic electrons (I), nucleons(II), or the 
electric field surrounding charged particles, either nuclei 
or orbital eleetrons (III). Interactions with meson fields 
{elso discussed by Fano) occur only at photon energies con- 
siderably greater than those with which thiscinvestigation 
is concerned. Of the nine remaining processes, photo-absorption 
in the nucleus (IIA), nuclear elastic seattering (IIB) and 
Delbruck seattering (IIIB) are also insignificant, and (IIC) 
end (IIIC) ere unobserved. 

B. PHOTOBLECTRIC eFFEcr (1a)?*» *4 10 

In the photoelectric effect (IA) all the energy of the 
photon is absorbed. A free electron cannot do this because 
momentum would not be conserved; an almost free \outer) 
electron does not do it for the same reeson. Most of the 
photoelectric absorption is by the most tightly bound 
electrons, i.e., in the K shell. Because of the binding 
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energy the atom és 4a whole is able to participate and we 
have 100% absorption. ‘The electron is emitted with the 
full energy of tne photon less its binding energy in accordéence 
with the Einstein equation 
T= hv - i (TI-1) 
This process is most probable wher hv is slightly greater 
then the energy of the K-absorption edge, The empirical 





value which is quoted herein ight 
Ee xx B= 2 (0m) a-2) 
, ere ee | 


where Ky is a constent signifying proportionality, WN is 
£vogadro's number, 2 is the atomic number, A is the atomic 
weight, and f, (hv) is a function of the photon energy. For 
a detailed discussion which breaks the problem up into 
several ranges of energy defining K, and £, (hv) for each, 


De 


see particularly Devisson end Evans’, Heitler!+ (second 


edition - not the firet edition which conteins errors), end 

the references cuoted by these authors.? Dy Wag BS, SL, 8,85 
C. THOMSON scaTrzRixc™ 
Classiesl, or Thomson, seattering is usually discussed 

on the basis of the effect of an electromagnetic field on an 

electron; the oscillations of the electron in this field 

cause the emission of radiation of the same frequency and 


phase as the incoming radiation, The same frecuency means 
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the same energy, i.@., no energy is transferred. Secause 
the phase is the same, this type of scattering is known also 
as coherent scattering. The Thomson scattering coefficient, 
calculated by classical electrodynemics is 0.666 x 107*4 om”, 
For 1<2Z2< 1%, Z/A = 0.5; for Z 217, 0.4 < Z/A < 0.5. For 
Z/A = 0.5, the mass seattering coefficient for Thomson 
scattering ~ 0.2. Angular dependence of intensity is as 
1+ eos” 6 1.@., Maximum variation is 2 to 1 and preferential 
directions sre 0° and 180°. For high 2 materials constructive 
interference effects modify this; for high energies ionization 
takes place and the process is no longer coherent. Thomson 
seattering itself is orf no importance in this investigation 
but a discussion of it is included as an appropriate pre- 
liminary to discussion of Rayleigh and Compton scattering. 

D, RAYLEIGH scaTtertne (1p)F+» H+, 82 

Rayleigh seattering will be discussed first from a 
Classical analogy and the particulate point of view. If a 
relatively high energy photon strikes an orbital electron 
squarely it will eject it, but if it strikes it a glancing 
blow so that the momentum transfer results in less kinetic 
energy for the electron than its binding energy, we get a 
completely elastic collision of tyve IB, called by Fano’ + 
WRayleigh seattering". The momentum transferred to the 


electron is taken up by the entire atom. The higher the 
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atomic nusber of the atom the more momentum can be trans- 
ferred without ejecting the electron end hence the greater 
the possible angle of seatiering of the photon. Conversely, 
the greater t>- onergy of the photon, the less the angle for 
@ given Z. See Table 4.3 for a few representative values. 

Within the restriction of momentum transfer, Rayleigh 
scattering behaves like Thomson scattering, being coherent. 
At high 2 there is constructive interference. The effect is 
strong at lew energies and high Z, in this investigetion 
with reletively hifh energy it 1s ef importance cnly at high 
Zend very smell angles. 

B, compron ecarrerine (1c)P?» ®1. F8, El, Hil, Ka, ®2 

With photone of the energy encountered in gamme rays, 
interection with « free electron is not elestic end 2 valence 
electron in an ztom has so much less binding energy than the 
gemma rey thet for any but the most oblique collisions the 
electron is essentially free. This may be spoken of es the 
reiztivistic range below ene” 5 relativistic beesuse the 
eonservetion of sonentum in the interaction involves the 
relativistic mass of the photon, and below ome because 2bove 
this, although the Compton effect still exists, there is 
competition from peir production which soon exceeds it in 
Importance. 

Compton's ecuations are obtained by applying conserva- 


tion of energy end conservation of momentum in two orthogonal 
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directions in the plane determined by the paths of the 
scattered photon and the secondary electron. This yields 


1 Y-(1 - 5 
em cos G) 


hv? = (II-3) 


and 


E =hv/l we » (oy *G = cos 9) (IT~4) 
~ 7 cos 0) a 


L + g(a - cos 0 ) me + hv({l + 
Oo 


where hv is the energy of the incident photon and hv! that of 
the photon scattered at 9. Equation II-3 gives the energy 
of scattered photons as a function of scattering angle; to 
get the distribution of the intensity of scattering it is 
necessary to treat the prebien quantumemechanically, as done 
by Klein and Nishine Ke who get as the differential cross 


section per electron per unit solid angle 


é 2 
ad(.o) pr 

nat = “2 ) (%, + — ~ sin” @) (11-5) 
where r_ is the classical radius of the electron 


Q 
(r,* = 7,94 x 107° om®) and 40 is the differential solid 





angle = £9 sinOd a@@. Results in the form of tebles and 

curves are available, particularly due to Davisson and fvans>” 
and White’. Gualitatively these results indicate preferential 
forward scettering, particularly at higher energies. Con- 


sideretion of the Compton formula (II-3) and the behaviour 
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of cos 0 at large angles will point out that there is 
surprisingly little varlation in energy over very considerable 
changes in angle. Thus there is a relatively nearly monoenergetic 
component of scattered radiation in this range which is of 
particular importance both in back-seattering experiments and 
in seintillation spectrometry, particularly with organie 
scintillators. For gamma-ray energies encountered in radio-~ 
active isotopes, the Klein-Nishina relation does not indicate 
such extreme small-angle preference that a great many photons 
are not scattered between 135° and 180°. Approximately this 
range gives a sufficiently constant energy to give & back- 
scattering peak and to give in a scintillator a secondary 
electron energy peak commonly referred to as the Compton peak. 
This is of great assistance in analyzing data, especially when 
using an organic scintillator which has no photoelectric peak 
for such energies. 

F. BAIR PRODUCTION (IIIA) 

When the photon energy exceeds ome” = 1,02 Mev in 
the center of mass system, it can interact with the atomic 
nucleus and create a positron-negatron pair which carry away 
the excess energy over 1.02 Mev. This process has a low cross 
section until hv appreciably exceeds 1,02 Mev and hence it is 


of no importance in this investigation. 
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G. FLUORESCENCE. 

When, due to the photoelectric effect (IA) an atom 
is ionized in en inner shell (ususlly the K shell), the 
electrons dropping in to fill the vacancy emit the cherac- 
teristic x-rays of the element. K x-rays usually predominate 
at higher Z. Fano’ gives for tin a fluorescent yield in the 
K series of 0.85, and for leed 0.95. Except in elements of 
high Z these x-rays are rather soft to be measured in gamma- 
ray experiments but for lead they are 75 Kev and must be 
reckoned with; for tin they are ~£5 Kev and of minor importance 
in this investigation. 

H. BREMSSTRAULUNG, 

secondary electrons travel at relativistic velocities 
and are decelerated as they pass through matter. They radiate 
the continuous x-ray spectrum of their energy which has a 
meximum equal to their entire kinetic energy. For thick 
enough matter to stop them, I, the average energy radiated 


per electron is” 


I = (7 + 3)zB” x 107* Mev (11-6) 
where E is the electron energy in Mey. Evans"+ has provided 
a eurve for the relationship between the radiation loss and 
the ionization loss for electrons of various energies. for 
al Mev secondary electron in lead the radiation loss is 
approximately 15 percent of the lonization loss, and the mean 
energy will be about 100 Kev. 
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III. EXPERIMPNTAL EQUIPMENT AND PROCEDURE 


A. EQUIPMENT. 

The original intention was to use the equipment 
assembled by Prestwich and Colvin’? for femiliarization 
with the technique of gemma-ray scintillation spectroscopy, 
and on receipt of the RCA 6199 photorultipliers then on 
order, substitute one of them for the RCA 5819 and proceed 
with the experiment. While the electronic compenents were 
being reessembled, a framework to support source, cetector, 
and scatterer wes designed. This framework, called a 
“seattering table" for want of ea better term, wes constructed 
by the Physics Department Machine Shop. [It consists of 2 
3¢ x 8! sheet of 3/4" plywood stiffened on the under eide 
with steel angles and channels. Two sockets on the center- 
line, sveced 4t apart and equally snaced from the ends of 
the table, each take a 4% aluminum tube, 7/8" 0.D. with 1/16" 
wall thickness. These tubes were guyed with 0.054" steel 
mugie wire tightened by turnbuckles as can be geen in Fig, l. 
By the time the scattering experiments were actually started, 
work by Dr. G.J. Hine on backseattering“~- pointed out 
the advisability of using a seattering sree several times 
es large as originally intended, This foreed considerable 
modification of technique so that in many ways the scattering 


table was not used as planned but it proved adaptable and 
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served the purpose well. The final arrangements provided 
for (1) a stationary scatterer resting on the table top; 
{2) an extremely compact photomultiplier assembly, con- 
structed at the Naval Research Laboratory, supported by an 
aluminum ring adjustable in height by a clamp on one of the 
aluminum tubes; and (3) a wire "padeye" secured to the 
horizontal longitudinal guy wire and another below it 
taped or otherwise secured to the scatterer through both 
of which passed a nylon thread on which was mounted the 
point source. 

The original eleetronic equipment consisted of e posi- 
tive regulated high voltege supply, a selected RCA 5819 
photomultiplier with conventional circuitry, a Model 100 
preamplifier, an Atomic Instrument Co. Model £04-B linear 
amplifier, a Model £10 single channel differential dis~ 
criminater with s motor-driven potentiometer unit which we 
call a "seanner", a Model Huber 2 counting rate meter, and 
an Esterline-Angus recorder. Suitable energy spectra were 
obtained with co gamma 8 using an anthracene crystal 10 
cm thick and 20 em square, mounted with mineral oil on a 
short lucite light pipe. The light pipe was necessary to 
edapt the plane surface of the crystal to the curved end 
window of the 5819, 
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Energy calibration was successfully made with cgi37 


internal conversion electrons, but discriminator window 
width calibration and stability gave difficulty. Spurious 
Sharp changes appeared in spectra, which were eventually 
| identified positively es being due to change of discriminator 
window width with change in temperature. Opening the door 
of the laboratory on a swummer!s night gave changes of the 
order of magnitude of 20 percent; blowing a fan on the dis- 
criminator elosed its window altogether. After several months 
of trying to eliminate this difficuity it was decided to re- 
piace the equipment with one of more modern design. The Atomic 
Instrument Co. Model 510 pulse height anciyzer, a single 
channel differential discriminator with expander amplifier 
gain of 10, was decided upon and procured. The design of 
this instrument is due to Higimbotham and Chase,” Fed from 
the £04-5 linear amplifier operating on 0.8 psec rise tine, 
it has given excellent service. Variations of window width, 
er channel width, heve been certainly less than 0.1 volt out 
of 2 volts during a week of steady full-time operation, pro-~ 
bably considerably less. Base line control on this instru- 
ment 1s obtained with a 10 turn helipot; this necessitated 
the provision of a new seanner which was constructed for the 


purpose by A. Maselili of the Radioactivity Center, In this 
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scanner, & 10 turn helipot is driven by a 1 rpm motor with 
gear ratio chosen so es to rum the complete spectrum from 

0 volts to 100 volts in approximately 21/2 hours. This 
time was chosen from previous experiments which indicated 
that this was a good compromise between accuracy of data 
and the need for collecting the data in a reasonable tine 
with a source of strength compatible with other work and 
with personnel safety in the laboratory. Automatic cutoff 
of the scanner was provided by inserting a pin in the front 
of the helipot dial which operated « microswiteh at the end 
of the run. Cutoff was usually set in excess of $8 Volts, 
and when set remained constant within 0.1 volt for several 
months. A clutch operable from the front of the panel was 
provided, Spring pressure normally kept this clutch engaged 
but a pivoted spacer was provided to hold it disengaged when 
so desired. This cluteh was not sufficiently positive; it 
wore so that it disengaged for half 2 revolution at a time 
during some runs, spoiling thes. Marking (manually) of the 
discriminator base line at beginning and end of every run, 
and usually at several points in between, spotted all the 
defective runs and gave the necessary clue as to the cause. 
As soon as such a jump was actually witnessed, the clutch 
was reworked by squaring up the slotted end of the pin, 


which served aa the female, and replacing the round pin, 
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which hed acted as the mala, with e flattened one. No 
further difficulties with the scanner were encountered. 

On receipt of the RCA 6199 photomultiplier, roush 
tests of possible circuits were made with the anthreeene 
seintilletor. The cireult selected was thet due te Hoover! 
as modified by Faust l", this involved eliminetion of the 
preamplifier and converting the high voltage sover supsly 
to negative. Tests of tubes and cryestsis were conducted 
using MNaI(T1) seintillators. This work and the cireuit 
are discussed in Appendix A, but it may be stated here that 
exeellent resolution was obtained, better then thet of the 
best 5816's, 

Evider.ce preseated by Faust's group at upp fle lad to 
consideration of shifting from anthracene to stilbene because 
ef the apparent greater availability of good erystals of the 
latter. On the basis of the relative cuality of erystals 
which they and other workers hed obtained from various sources, 
it was decided to try stilbone crystels from Larco Nuclear 
Instrument Co. These were quite satisfactory and an assort- 
ment of four sizes in all was obtained, all cylindrical. 

The sizes were as followa: ® Ye em diam., 2 1/2 em long; 
2 1/2 em diam., 1/3 om long; 1 em diam., 1 em long; 1 em 
diam., 1/3 em long. The second of these gave the best reso- 
lution and would have permitted the closest measurements 


to the surface of the scatterer, but its assymetrical geometry 
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was coneidered likely to introduce excessive angular dise 
eriminstion. The 1 om diam., 1/3 em long erystal would 
have required sources of strength not compatible with other 
work in the Radioactivity Center. The 1 em dian., 1 em long 
stilbene crystal was chosen ag the stallest suitable orzanie 
seintillator at nand,°® ana all the seattering experinents 
ware conducted with it mounted with Pow Corning 209 fluid 
at 6 x 10° eentistokas viscosity on tne best available NCA 
6199 (designated Sl-B). 

After nimerous experiments with refleetors, principakly 
Al foil and Ms0, 9.00085" aluminum foll, cemented by a mini- 
nit quantity 6f Dow Corning 200 fluid of 2 x 10° centistokes 
viscosity, was used with its bright side to the erystel. The 
scintilletor coversd such 2 smcll portion of the photocathode 
that an additional reflector of 0.0007" Al foil sOvering both 
the crystel and the end of tne 6153 wes also used; this wes 
placed cutside the source when making energy calibrations with 
the internal conversion electrons of cgi? For a light shield, 
& black rubber glove was found to be adequate and convenient 
to use. It had the particular advanteece of facilitating 
neasurements of crystal pesition. The total absorbers sround 
the crystel were approximately: (a) when measuring gemmas 
and fluoreseence, 0.0°4" black rubber, 0-0.014" black electri- 


Cal tape, 0,001" aluminum, and eir; (b) when calibrating with 
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internél conversion electrons, 0.00025" aluminum and 0.04" 
airy. With the flat end of the 6199 a light pipe was no 
longer needed. After considering the arguments of other 
workers some of whom claim a lightpipe gives improved light 
collection while others claim it reduces resolution, and 
my OWh measurements whieh, while not exhaustive, indicated 
little effect for light pipes up to 3", I decided to work 
without one (just eliminating one or two more possible 
sourees of error or other trouble). 

AS indicated in Appendix A the 6189 showed considerable 
sensitivity to angular orientation, The small change in 
resolution was not particularly significant to the scattering 
experiments, but the 14 percent change in gain was critical. 
Although this was apparently eliminated by the use of a 
0,062" pemetal shield and nearly so by a 0.020" uemetal shield, 
it was decided not to use them. The former did not fit pro-~ 
perly and was furthermore considered an undesireble source 
of scattering so close to the crystal. The latter caused 
noise if in electrical contact with the alwainum reflector; 
this noise filled the entire spectrum if contact was also 
made with the grounded aluminum socket mounting. Consequently 
the tube was operated in only one orientation for all the 
scattering experiments, and it is considered that any variae-~ 


tions in the cause of the observed effects would be corrected 
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for in normalizing the curves. Because of the effect of the 
pemetal shield, and because the critical orientations for 
all tubes tested were the same or 180° apart, it has been 
presumed that the cause was the terrestrial magnetic field, 
known to cause somewhat similar effects with the 5819," 
The high voltage supply used for the photomultiplier 
was so unstable as to greatly hamper the work. Its diffi- 
culty has been blamed on the low and extremely variable line 
voltage, but was not eliminated by placing it on a Sola 
constant voltage transformer. It is inherently less stable 
than appropriate for this use but has performed well below 
the standard to be expected of its design, The error is not 
known as precisely as desired because the meter is entirely 
too coarse for the purpose, but by adopting Prof. HR. D. Evens! 
suggestion of cementing e mirror to the glass and aligning 
the image of the eye pupil in the mirror with the pointer 
tip, readings can probably be obtained within +2 volts, end 
relative readings within +1 volt. Relative deviations of 5 
volts in a few hours and 10 volts in about two days were en- 
eountered. Inasmuch as a 1 volt change produces a 1 percent 
change in gain at the normal operating level of a 6199 
(1080 volts in this case), one of the new power supplies 


designed for the purpose would be recommended. The above 
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difficulties did not harm the data used but resulted in 
throwing out many runs. 

There was also another gain change, the cause of which 
was never determined. That it was due to some other cause 
than the high voltage was evident in that the effect was 
sometimes concurrent with a change in high voltage, but with 
the net effect in the opposite direction. The worst net 
change observed during a 2 1/2 hour rum was 1.5 percent. 

It could have been caused only in the photomultiplier (as 

by a change of magnetic field), the linear amplifier, the 
expander amplifier of the discriminator, or the baseline 

of the discriminator. Time did not permit concentrating 

on the cause and its correction; it was quicker to normalize 
all runs before starting by adjusting the gain of the linear 
amplifier to compensate, andi checking at the end to see that 
it had not shifted appreciably during the run. Wormelization 
was accomplished by a steady run at 71 volts (corresponding 
to 1 Mev - on the high energy side of the "Compton peak"). 
The counting rate of this energy should be independent of 
the scatterer unless Rayleigh scattering becomes appreciable; 
each run was therefore normalized to give a counting rate 

of 600 mm at this energy. The maximum Compton scattered 
intensity which could yield, in the stilbene, secondary 
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electrons of this energy, is an order of magnitude below a 
readable quantity. 

Uniess it wes responsible for the above gain shift, 
the Model 704-B linear amplifier was highly satisfactory. 
Long runs were mede with no noise «et «a discriminetor base 
line of 1 volt operating it as an integral discriminator. 

The counting rate meter, on the other hand, gave a 
great deal of difficulty. Changes in line voltage, which 
eceur many times an hour, make the zero shift momentarily, 
after which it drifts back. The sensitivity also varies 
occas sionally and required completely re-running eight of the 
wood scattering experiments. The zero chenges are believed 
to be the largest single source of error in the scattering 
experiments; they are usually of the order of 20 eounts per 
minute and sometines as high as 40 counts per minute. These 
appear suddeniy as positive srrors; negative errors due to 
this cause appear only slowly end only when « recent posi- 
tive chenge leads to settings the zero too high at the begin-~ 
ning of a run. Under-~compensation is thus indicated, but 
recuires a "feel" for the instrument. Another failing of 
this counting rate meter is in the integration circuits 
which eause a sufficient lag to reguire considerable care 
(a wait of 3 to 5 minutes) at the beginning of a run and 


at each chenge of counting rate. Furthermore, there is some 
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indication that on steep portions of the curve tavere is a 
little lag. Un rums with a great deal of seattering this 
leg makes the 2 volt (28 Kev) reading a little high but 
the percentage error is small ( ~ 2 percent); tae 3 volt 
(42 Kev) reading is ralativaly unaffected on those curves 
where @ precise echneck was meade. 

The data are recorded py an isterline-Angus recoring 
milliammeter. ine eurved seale of its chart is not optimun, 
errors in printing the tapes result in errors cf deta of the 
erder of + 0.2 volts (43 Kev) ani, in the ordinete, of 410 
Cpm. These errors sre obvicusiy inhereut in the use of this 
instrument. Tne particular instmazent is badly worm and 
should be overhauled but its defects in this respect lead 
primarily to inconvenience. There is one exception however: 
wear and cerrosion of the knife edge render the pen balance 
sufficiently unreliable so that ine pen must be kept a little 
heevy or it wiil be found off tne paper and the record gone; 
@ heavy pen gives an error of up to <0 cpm due to paper drag, 
but there is no such error near the middle of the chart and 
the violent oscillations due to statistical variations elimi- 
mete its effect at good counting rates. It has more tendency 
to give errors in caliibretions and zero setting than anything 


else. 
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the Leterline-ingus is plugged inte the seanner so 
that when the iatter is cut off at the end of the run, so 
is the recorder, This marks the end of tne run and saves 
chart footage. A block diagrem of the entire setup is snow 


in Fig. 2. 


be LAPENRTHENTSs 

The experiments consist of measuring the total spectrum 
with various Scatterers parallel te ana et verious distances 
from the line between source and detector, keeping these 
Letter two always 40 cm apart on a horizontal iine ef con- 
stant orientation. from these spectra ere subtracted the 
spectrum of the seme source and detector at the same separa~ 
tion (r = 40 cw) taken with them buth GO em above the teble 
top with no other seatterers than the teble, the pipes 930 
cm above, sir, and with heavy concrete floor, walls, and 
ceiling each et approximately icG em. The difference, known 
&& the build-up, n, is to be related to the distence above 
the seatterer, y, the atomic number of the scatterer, Z, the 
primary gatms energy, Eo the energy et which the reading 
is taken, LE, and the area of the scatterer, A. The thick- 
ness of the scatterer is to be such that it can be con- 
sidered to be a semi-infinite medium. It is desired that 
the date yleld, quelitatively at least: 
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C. SOURCES. 
Three sources were used. Tne first was coriposec of 


60 wire totallines approximately & me in 


three pieces of Co 
eetivity wrapped in al om scvere of blisek scotch electrical 
tape No. 55, with a nylon threrd through the tape for hendling 
end positioning. The reasons for nylon sre: (1) strong, 

(2) slides easily through wire "radeycs"™, (3) elasticity 
facilitates accurate positioning, (4) sticks to tape enovgh 
for securing and not too ruch for repositioning. The lergest 
piece of Co wire wee eppreximately f mm long. The second 
source wes msde by damming of f e piece of filter peper with 
Duco cement an¢ beeswex and ecding drops of a high activity 
cst? souree,cllowing esch to svaporate. This was Gone until 
the counting rate of the "Conpton pesk" was the seme height 


as thet of the Co source at the same gein. The estimated 
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source strength is 3 me. The impregnated portion of the 
filter paper was wrapped in a smell sjuare of scotch cello- 
phene tape with a nylon thread through it. For energy 
calibration a small cs?" source was used. The Cs was 
bare, evaporated from solution on aluminum foll. A piece 
ef eardboard with a square hole was cemented to the foil 
with the hole over the ective epot. A 3 wm sheet of lucite 
with 1 em hole was taped to the eardbourd to act as a guide 
to position the source on the erystal,. 


D. SCATTERERS. 

Five scatterers were used, giving the beet practicable 
spread in Z: wood (2 v7), Al (2 = 13), Fe (Z = 26), Sn 
(2 = 80), Pb (Z = 82). Were we dealing with energies such 
thet photoelectric effect or pair production were ixportant, 
we would have to give separate values for Zerr for each pro- 
cess in wood, but in these experiments the primaries interact 
essentially completely by Compton effect. The effective <Z 
for the Compton process can be calculated) from the approxi- 
mately known composition of wood, *"» S1® _ The method just 
gives double weight to the electrons of hydrogen because ite 
Z/A@1, A vepresentative estimate of the composition yielded 
® Zeee = 7206. Wood was chosen instead of water for ¢con- 
venience and economy (the large tank required to use water 


would have been expensive). 
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The effect of srea on backseattering indicated 
that the Largest seattering area practicable should be used. 
The maximum area which would fit on the scattering table 
without modification involved weights of the order of magni- 
tude of 1500 lbs. unless special lead shapes were poured; 
this was as grest as considered appropriate. Accordingly 
the area of scatterers was 36" x 47" for wood and iron, and 
approximately 36" x 4gn for the others. A thickness of two 
mean free paths was considered effectively infinite where 
deep scattering into the detector becomes effectively back 
scattering. This criterion indicated 24" wood, 5 3/8" Al, 

1 7/8" Fe, £* Sn, and 11/4" Pb. These thicknesses were 

used except for lead where economy dictated the use of 
available £" bricks. In the case of the wood, the pile 
beeame too high for some other experimental work not included 
herein, Runs were made of several values of "y" from 0.5 

em to 45 em using first 24" thickness and then 18" thickness. 
No difference was detectable and where convenient the thick- 
ness was reduced to 18", 

The value of r = 40 em between source and detector 
approximetely divided the total length of the seatterer into 
thirds and placed esch of them about 40 om from the nearest 
aluminium tube of the scattering table. This also satisfied 


the criterion of counting rate vs source strength. 
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Re EXPSRIMEXTAL PROCEDURE. 

The first sten in rumning an experiment was to set up 
the recuired geometry. Measuring rods cut to length facili- 
tated this. Ten valucs of "y" were first chesen at rendom 
to cover tho possible range, with the intention of elininating 
a few as soon as data indicated the feasibility of doing so. 
All 10 were kept except for wood for which the thickness was 
so great that a special rig would have had to have been pre- 
pared to get a run at y = 90 em. For other scatterers, 90 
em was the maximum and placed the source and detector also 
90 em from iron pipes overhead. For all, the 1 em length of 
the crystal set 1/2 em as the closest approach possible for 
its center, te wnich all measurements were teken. 

The counting rate zero was checked. Occasionally its 
sensitivity was checked with 60 eyecle, there being an interne] 
arrangement to make this possible. ‘The integration rate wes 
set as low as possible, at 2 for all these experinents. 
Counting range wes set at 4 (2000 epm full seale). The dis- 
criminator base line was set at 71 volts (1000 Kev) with the 
seanner clutch disengaged, and the channel width was checked 
for its setting at 2.00 volts (25 Kev). The high voltage wes 
checked and recorded, but selcom adjusted; all experiments 
were run at approximately 1080 volts. The gain of the linear 
amplifier was adjusted until the Esterline-angus read 30 
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(600 epm). Dve to statistical variation in the eurve, 5 
minutes or more is required et each setting to determine the 
value. When the normalization was satisfactory, the dis- 
eriminator base line was changed to 1.0 volt (14 Kev), the 
counting rate adjusted to keep the Esterline-sngus on scale, 
and all the above information was written on the tepe. Once 
the need for doling so became apparent, the base line was 
left set long enough to determine quite accurately the 
counting rate at 1.0 volt. The clutch was then engaged 

and reset until the base line reached 1.0 volt at the same 
time as tne Esterline-Angus pen reached one of the printed 
curved lines on the chart, at which time the seznner was 
stopped. This particular ritual was found to have many 
edvantnges in checking the progress near the beginning of the 
run, in crecking the nermelization at the end, end in 
avereging the data later. If successful in matching the 
discriminator and recorder, the tape was marked accordingly 
and the scenner restarted, the recorder stopping and starting 
with it. Usually & volts (28 Kev) and 3 volts (42 Kev), and 
other points as convenient, were marked. To change counting 
ranges, the scanner was stopped and the equipment left at 
least 5 minutes at the new range before restarting. The 
shift was marked, Before this much time was allowed, the 
data on the two ranges frequently failed to cheek, in which 


case the former range was the one trusted. 
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Sseverel runs were mede with the seme geometry. An 
effort wes made to set it up more than once, taking at 
least two runs one time and at leest one the other. If 
only one setting was usec, it wes remeasured at least once. 

Numerous runs were made with the calibration source 
deseribed above. Comparison of the position of the 663 Kev 
peak with the gain normelization of preceding or succeeding 
co? runs gave, as the result of ebout 20 measurements, a 
value of 47.1 volts for a properly normalized peek, or ea 
conversion factor of 14.0@ Kev per discriminator volt. 

Csl?? curves were taken et the same gein. Sources were 
repeatecly switched on successive short fune of only the 
epproprieate part of the spectre and the normalization values 
for Cs?" were found to be 600 cpm at 266£ volts (510 Kev). 

When the equipment was not otherwise in use it was kept 
running on ae single setting to check stability of one or 
enother component, Ehutting it down was found to be cetri- 
mental rather than beneficial and the informetion geined on 
stability wes either useful or comforting. 

Runs of the same gecmetry were averaged by taping them 
to glass ebove a fluorescent iight. When all were cerefully 
eligned, an average spectrum was dravn on a seperate strip 
of Esterline~Angus tepe. The control run, at 90 em with no 


seattering, was subtracted from the everege spectrum, aiso 
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on the lighted glass, differences less than 200 cpm being 
measured graphically and greater ones by use of a calibration 
ehart of the various counting ranges of ths counting rate 
meter. The values of the difference were recorded on a 

Clean strip of EsterLine~Angus chart taped on top of the 
other two, and from this was plotted ea build-up curve (Figs. 
4-8 incl.) and from them were plotted cross curves (Figs. 


9-16 inel.). 
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IV. RESULTS AND INTERPRETATION 


A. VARIABLES AND THEIR EFFECT. 
1. The controllable varlables introduced into the 

investigation wero: 

Ge “a, the atomic number of tne seatterer 

be Yy the distence of sourcé and detector 
above the top surface of the scatterer 

CG. ios the energy of the primary radiation. 
Two measurements were also mede to give a rough idea of the 
effect of changing A, the surface aree of the seatterer, 
and a few to determine whether or not there wes some free- 
dom in the choice of t, the thickness of the scatterer. In 
general « change of Z was accompanied by a change in p, the 
density of the seatterer; this was essentially not the case 
however in changing between iron anc tin. Ho experiments 
were conducted with a singie z at more than one value of » Ale 
4lse, the system of measurement gives date on the dependent 
variable E, the energy of the secondary electrons created in 
the stilbene detector by the cetected radiation. Let us 
consider the effects of these variables. 


£6. The mss attenuetion coefficients are propor-=- 


tional tc Avogadro's number, N; inversely proportional to 
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the atomic weight, A; end proportional to some power of the 
atomic number, 7. The Compton precess goes as Z, the photo-~ 


1. the pair production as 2 Rayleigh 


electric process as as 
scattering as 2%. For this rezson we find for the 1.25 Mev 
average energy of co”? that the photoelectric effect is 
appreciable only for tin and lead of the seatterers investi- 
geted. And this energy, measured of course in laboratory 
eoorcinates, is too low to give any appreciable pair production, 
fer which process 1.02 Mev in center of mass coordinates ig 
necessary just to create the positron-negatron pair. Compton 

and Rayleigh scattering per unit volume depend on the number 

of electrons in that volume. Therefore the linear Compton 
coefficients depend on 2 while the corresponding mass attenuation 
coefficients depend on 2/A which equals 0.5 or close thereto 

for all light and medivm elements excent hydrogen. For hydrogen 
Z/ = 13 for leed Z/A ~ 0.4. This information is best 


summarized by a table of attenuation coefficients. °°? We 
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Table 4.1 


Linear attenuation coefficients for 1.25 Mev gammas in om7+ 
Medium Ze op gn/em? o. o. tA Io boo. 

Air 7.3 0.001205 3.3x107> 3.6x107" 0 0 6.9x107> 3.3x107° 

Water 8 1 0.0293 0.034 0 QO 909.083 0.03 

wood 7 0.5 0.015 0,017 0 0 0.032 0.015 

Al 13 2.7 0.07 0.08 0 O Q.15 0.07 

Fe 26 7.85 0.20 0.22 0 0 0,42 0.20 

Sn 50 7.31 0.17 0.195 0.015 0 0.38 0.19 

Pb 82 11.35 0.24 0.28 0.14 0 0.66 0.38 

*For the first three this 18 Zoompton? the effective Z for 


the Compton process, #11» ell 


Table 4.2 


Mase attenuation coefficients for 1.25 Mev gemmas in em” /gm 


Medium o,/p o,/p* C/p K/p u,/p Up-9 sy P Saxdshsn 
Air 0.027 0.030 0 O 0.057 0,027 0 
Water 0.029 0.034 0 O 0.063 04030 0 
Wood 0.029 0.034 0 0 0.063 0.030 0 
Al 0.026 0.030 0 © 0.056 0,026 ) 

Fe 0.025 0.029 0 0 0.054 0,025 0 
sn 0.022 0.025 0.002 0 0.052 0,025 

Pb 0.022 0.025 0.013 0 0.061 0.035 0.0014 
*Rayleigh not included. 
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fable 4.3 


Rayleigh seattering angle (in degrees) 


Fl 
to include 60-70 percent 


Energy (Mev) 0.1 1 10 
Al 15 P 0.5 
Fe 20 3 0.8 
Pb 30 4 1 
Table 4.4 


Representative mean free paths 


Pb Air Vater 
1 mfp in cm for 1.25 Mev 1.5 em w 10% cm 15.9 cm 
1 mfp in em for 1 Mev 125 em ~10* em 14.2 cm 


1 mfp in em for 0.08 Mev 0.052 em ~ 10% eth 5.6 en 
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R. b. Variation of y changes the gource to scatterer 
distance and the detector to seatterer distance equally. 


For an erea small enough in relation to its distance from a 
point source so that it does not differ appreciably from a 
portion of e spherical surface about that point, the intensity 
varies as u/R*, These conditions ere not met fer the geometry 
ef this experiment. The surface to which measurements should 
be referred is aetually not the top surface of the scattorer 
because of the penetrating neture of the radiation. It will 
be shown that this effect is so pronounced for the wood with 
its low density that the data is markedly affected, while it 
is so slight for the leed with its high density thet the data 
ere probably relatively unaffected. For practical reasons 

the meesurements heve to be rade to the top surface of the 
scatterer; the solid angle it subtends at the source (or 
detector) has been calculated. For the variation in y from 
0.5 to 90 em this solid angle varies by a factor of 6, while 
y™ veries by a fector of 32,000. If the scattering were iso- 
tropic, the variation in solid angle would be the measure but 
throughout the investigation the scattering is primerily 


De therefore both consideretions 


Compton and highly anisotropic; 
enter. The cross sections. area of the 3/8" diemeter x 32" 
long cylinder of stilbene will in general be small compared 


to its distence from a detected scattering event. Hence for 
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the detector the distance alone will have an effect as 
1/R*”. The contribution by these criteria will decrease 


as y is increased. 


Source , Detector 


40 cm. : 


Y'o 


Y2 


Scotterer 





At small y, the path length in the scatterer of the 
primary radiation to reach a given depth, except directly 
under the source, will be greater than for large y as can 
be readily seen in the following sketch, the given depth 
being y' - y and the difference in path length Af. In 
general, therefore, the scattering events will occur 
closer to the surface for smaller y, by the amount shown 


aseLiy". 





Conversely, the path length in the scatterer for scattered 
radiation from a given point within its volume to the detector 
will be correspondingly longer for smaller y, by the amount 
OL. The average value of QL will equal the average value 

of Oand for the same distance primary rediation of the 
energies involved in these experiments will be attenuated 

less than will the lower energy scattered radiation. The 

net of these effects will be to give increased build-up es 

y is increased. 

As mentioned before, the Compton process is highly aniso- 
tropic, strongly favoring small angle scattering which can 
reach the detector only at small values of y, giving 
markedly decreased build-up as y is increased. But this effect 
will be modified in the case of lead where on one hand the 
atomic weight and electron binding energy are great enough 
to allow Rayleigh seattering which is distinetly a small 
angle phenomenon, while on the other hand an appreciable 
part of the scattering should be isotropic fluorescence, or 
bremsstrahlung which while not isotropic will not on the 
other hand favor the small angles. Not only is the lead 
K-fluoreseence the only one of sufficient energy to reach 
the detector readily (75 Kev as compared to ~ 25 Kev for 
sn) & but it will accompany only the photoelectric effect 
and this will be appreciable only in the lead. Likewise 
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the bremsstrahlung energy will take roughly = Gaussian 
distribution about the mean, which in the case of a lead 


60 .adiation will be ~ 100 Key 


photoelectron ejected by Co 
as compared to that, from the low probability 0° (max drown 
energy) Compton electron, in Sn which would be ~ 50 Kev. 

Smell angle seattering by the Compton process gives 
scattered radiation of almost as much energy as the primary, 
and for very small angles Rayleigh scattering, with no decrease 
in energy, sets in. The attenuation is less for these higher 
energy components, and this faetor tends to decrease the build- 
up as y increases. 

Actually these factors, particularly the latter two 
which are really sensitive to engle, depend not on y so much 
as they do on y', the distance cf source and scatterer above 
an unknown surface inside the scatterer which may be said to 
be its meen effective position for the observed scattering. 

For lead this position must lie near the top surface because 
of the high attenuation. For lead then we may say y VW yt. 
Therefore with leed we would expect to observe some of the 
small angle effects. But for wood this is not true; perhaps 
y' exeeeds y by 1/2 mfp, ond 1/2 mfp in wood for 1,25 Mev 
gamma rays is of the order of magnitude of 15 em (based on a 
p of 045 gm/em?) . Small variations in the magnitude of y 
should have very little effect on the scattering, and the 
small angle effects should be undetectable. It is osvious 
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that this feature is primerily a function of p because 
the mass absorption coefficient Yo, is practically independent 
of Z except for hydrogen. 

Very low energy scattered radiation, even if it escapes 
the scatterer, will be only partly detected if at all, due 
to attenuation in air and in the lightshield. The 0.031" 
water equivalent ligshtshielding plus 0.001" aluminum reflector 
are equivalent to about 70 em air so that the attenuation of 
the soft radiation will not be merkedly affected Dy chenging 
ye What effect there is will be a decrease of build-up with 
imerease of y, and will be only at the very low energy end 
of the snectrunm. 

Exeevt for this last factor, and the fluorescence and 
bremsstrahlung mentioned above, ail these effects will cover 
a considerable portion of the srectrum because the ecuipment 
gives the energy enly of the secondary electrons produced in 
the stilbene, Thus a seattered component cannot affect any 
of the spectrum above its own energy, but it can affect any 
portion below its own energy. 

c. The value of E, determines the values of the 

coefficients for the various interactions, thus effecting both 
the total attenuation and the reletive distribution among the 


processes. This effect continues because the energy of the 
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singly scattered radistion depends on that of the primery 


end it in turn has its eppropriete coefficients which deter- 


mine the probability of absorption, trensmission, or multiple 


seattering,. 


other value of Eo wse 


Table 445 


Mass attenuetion coefficients for 663 Kev gammas 


Heg2um 
¥ood 
Aluminum 
Iron 
Tin 


Lead 


6. /p 
0.0328 
0.0285 
0.0279 
0.0244 
0.0234 


in 


o6/p* 
0.0530 
0.0461 
0.0450 
0.0400 
0.0378 


*% Rayleigh not incluced. 


the scattering area, A will reduce the build-up. 


d. 


em” / gm 


C/p 


0 

0 

QO 
0.008 


0.0427 


b /P 
0.0858 
0.0747 
0.0735 
0.0751 
0.1082 


The following are the coefficients fer the only 
a,b&s WP 


Boo . Rayleigh 


P 
0.0328 
0.0285 
0.0280 
0.033 
0.0677 


Gesired is to see how much the build-up is reduced by 


7 
0 


0.0001 
0.0006 
0.0029 
0.0043 


As for the others, it is obvious that reducing 


what is 
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removing the outer two-thirds of the scatterer. Much more 

than this would have been of interest hed time permitted. 
The experiments relative to the depth of the seatterer, 

t, wereto cetermine the approprieteness, or leck thereof, 

of reducing the thickness of the woot seatterer from f4" 

to 18", The density being slightly greeter then the 

estimated 0.5 en/en’, this represented e reduction from 

a little over 2 mfp to between 11/2 and 2 mfp... No 

variation in buildup was found and henceforth the 156°? 


thickness was used for convenience, 
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ENERGY SPECTRUM OF PRIMARY PLUS 
SCATTERED Co®? RADIATION USING 
IRON SCATTERER AT “y" = 25 cm. 


Note: Only the energy distribution 
of the secondory electrons produced 
by the primory or the scattered rod- 
iation in the stilbene crystol con be 
observed. 


(No scotterer) 





0 200 400 600 800 lOOO 1200 
Energy in Kev 


Figure 3 








B. EXPERIMENTAL DETERMINATION OF BUILD-UP, 

The experimental setup consisted of the following: 

36" x 47" iron plates totalling 1 7/8" in thickness, 
laid horizontally, et y = 0.5 em below the souree ( 2 me 
co) and the detector (3/8" dia. x 3/8" long cylindrical 
stilbene cryst2l mounted on RCA 6199 photomultiplier tube). 
Source and detector separated by distance r = 40 em along 
horizontal line parallel to 47" dimension of seatterer; 
eenter of this line verticelly above center of scatterer. 
See sketch on Fig. 17 for somewhat similar setup with wood 
18" thick, 

The spectrum obtained was generally similar in appear- 
ance to the one shown in Fig. 3 as can been seen from the 
relative appearence of the two pertinent difference curves 
in fig. 6 Figure 3 also sivows the control curve which is 
the "no seatterer"® spectrum; subtraction of the control curve 
from the spectrum gives the puild-up curve plotted in Fig. 
€. Use of this control curve is somewhat subject to criticien 
in that it includes some seattering from the table which is 
shielded by the scatterer when a scattering experinent is 
run. This effect is emall, as demonstrated by the following 
fact. When the table was covered by lead, which is a poor 


scatterer, no difference could be detected. Other even less 
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important limitations to the ecorrectness of the control 

curve are that it was obtained at 90 em from two large iron 
pipes and approximately 180 em from the concrete ceiling 

and floor, while the seattering runs are at (180 ~ y} em 

from the pipes, (270 - y) em from the ceiling, and 

(90 + y) em from the floor from which it receives varying 
emounts of shielding from the scatterer. 

TRON. The discussion of results is being opened with a 

report on the iron scettering experiment at the smallest value of 
y for simplification, and in order to facilitate later con- 
parisons with other data, Although the specific gravity of 

iron is relatively high (7.85) its atomic number is low (26) 

so that T and K are essentially zero, and Rayleigh scattering 


mm This leaves only Compton scattering. 


can also be neglected, 
The mean free path in fron for 1.25 Mev gammas is 2.4 em. 

A glance at the geometry, with a point source 0.5 cm. above 

the scatterer and the detector touching the surface of the 
seatterer and extending to 1 em above it, shows immediately 

that the preferential forward scattering for the Compton pro~ 

e@éss should yield mostly high energy seattered radiation at 

the detector. The detector can measure only the energy of the 
secondary electrons produced in the stilbene crystel by the 
radiation interacting with it and as stated above this interaction 


is also almost completely Compton seattering. All the build-up curve: 


fovtwot #07 to weaectoe 1100 244 of anoteathuls fone roynd 

cert eyxe! cov G2D om C8 0 Sertetds new ch sec? rte evwe 
pabiies 4fewmucr off mort ep Ovl plodeminonggs Sar reqs 

wm (t = OS) Se wie mre GAiWeisioe et site , wool one 

ime ypatites aut awh ew (y ~ Of%) wocte ont motd 

Gaberey eredewes Fi foloe aett wuolt att cers om (¢ © WO) 

—- PO TRTR ESS 6.4 2071 eOidCatcs to afamreme 
ently breege gute ek eflsers to cubwamats oc? = .aORE 

be aufay cemtinge wt! Ge Timmtteyes gdDVedPece Oo8d wt" mo PONT 
aoe Tel erabifieel af whys at Ome weddeatiifqnte ww? | 

Ww qtvery cflivees eof Guettle «iw vette 4508 Boeetveg 
(92) wel a2 redeuer nleede of: (08.1) te Ulewttelon of, aoe 
eutcostune cytelyel tee wwe clisitesese owe * fom = S. Jmtd Ds 
gciweetese antyend ims cover! wit |“ awtestpen of enle mad 
ee 22 ak ery ve Gh! ov! aerd «i diene etl ceee ont 
qvods 429 7.0 somes tubes 2 Gtby -rutemeng adf fo annels 4 

pap te weet ar gations? sos0RIed «ct Ane couethane ait? 
<letethemsd greene ,of weds as 1 ov pails fee tr10) dines 
tq netyew? wi) +O? ghtertusse “anricy Lettart two ait fede 
2s mecentees Sowerpoes qetsew tee qlaene Aledy bLrote repo 

ass 3e WweMee oy Cle *Weere ee tefeuTe® a!) = ocuroeTOR oo 
Bet ES Lesenyo weweiite ane ot Pseeerey eowarnele Pts nome 
ol7ssTeses atv2 prcda tedats te fe #2 BEY amiderqpend aplicihas 
wo @abijev cof LTA .potewtgese meee) pieteinwar teamie wade at 


should therefore be highest at the lowest energies. But 
compared with experiments at greater values of y, this 
particular build-up curve should be relatively higher at 

the high energy end. Examinztion of Fig. 6 shows that 

as expected, the counting rete cor 1é Kev secondary electrons 
is less for 0.5 em than for any other value of y up to 30 

em, but the 0.5 em curve crosses the 30 cm curve at 100 

Kev, the 20 cm at 155 Kev, the 10 em at 350 Kev, and even 
the 5 em, 21/2 em, and 1 em curves between 500 Kev and 

700 Kev, 

The strong attenustion for such a reletively high 
Censity scatterer cuts out most of the seattered rediation 
heving a long peth length in the iron. Thus, although the 
solic angle subtended by the scatterer is a maximum, the 
total amount of scattered rediation cetected muy be expected 
to be rather smell. In Fig. 6 the area under this curve 
is obviously less than that taken at 1, 21/2, 5, or 10 
cm and nearly equal to thet at 20 em. But at 20 em the high 
energy builé-up hes disappeered showing that the small engle 
seattering is practically undetectable. The solid angle 
reduction however has a pronounced e-“fect and we see the 
total scattering dropping sharply with further increase of 
distance. Looking at the build-up at each distance shown 
on Fig. 6, the following features are of interests 
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1. The maximum number of tre low energy secondary 
electrons is produced by the seattering at 10 en. 

£2. All curves show rapid rise at low energies, 
extremely so for ell values of y less than 45 ex. 

3. For values of y up to and including 10 cm there 
aré secondery electrons fermec up to the maxinum energy 
attainable by the Compton process fron incident photons of 
1.10 to 1.20 Mev. This mey be presumed to be due to small 
angle seattering, primarily of the 1.25 Mev component of 
the primary. At £0 and 30 cm the maximum energy is sharvly 
reduced, At 45 em, the value of y at which the sharp low- 
energy rise begins to fall off, the counting rate hes 
@ropped to zero by the plotted value of 155 Kev. At y = 45 
em the seattering angle for seattering at the top surface 
dixvectly under source or detector is calculated to be 138,4° 
end that for the midpoint between is 132°. The maximum 


energy of seattered ohotons shouwld then be 


hvt = | Ps = £248 Kev 
1+ Ge (1 = cosl32~) 


which would give for the maximma energy Compton reeoll 


electrons in the stilbene 


BE = 248 (1 ae Se | = 123 Key. 
t - ater) 
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Going back to thse original data, at 123 Kev there are less 
than 26 epm which 1s within experimental accuracy ef zero. 
The minimum energy scettered rhotons are those back~ 


seattersd at 180° 


/ ‘ 1.17 
hv! = Ta x 6 = 209 Kev 


1+ *"O.f1 


Then all single seattered ohctcens incident on the detector 
lie in the range from °09+24@ Kev. This is, broadly speaking, 
€ monoenergetic source of 223 + 198 Kev. Hence the build- 

up curve alreacty commences to take on the aspects of & 
spectrum like that of Fig. 3, and this is even more true 

at 60 em, explaining the change of shane eway from the 
extremely sharp low energy rise. Comparison with the He? 
(280 Kev) spectrum renorted by Prestwich and Colvin’? shows 
very similsr proportions, and this hes been verified with 
the equipment used for tnose seattering experiments but 

too late for inclusion cf the spectrum. 

TIN. Consideration should next be extended to scattering 
from other materials. First a comparison with tin is 
interesting because tin has almost the same density ss iron. 
To facilitate this comparison Figs. 15 and 16 heave been 
rrepared showing the situetion at y = 0.6, 1, end 10 em, 

At 045 om the tron curve is considerably higher than the 


tins at 1 cm they are almost equal in the intermediete 
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range but the tin is lower at the extremes, particularly 

at low energies where the ecomting rate of the iron rises to 
almost twice that of the tin. At 10 em the iron is higher, 
especially at low energies where it is more than twice as 
high; furthermore, the iron scattering appears to include 
high enough energies to give secondary electrons in the 
detector of 8&0 Kev while the tin cuts off at about 650 Kev. 
Experimental error could possibly account for this however, 
as the counting rates due to the build-up are low and are 
only a small fraction of the total counting rate experi- 
mentally measured, 

The difference at the low energy end is as would be 
expected from the much higher mass absorption coefficient of 
tin for low energies. Tin with 2 = 50 has much more photo- 
electric effect than does Fe with Z = 26 and this becones 
important with low energies. The total mass absorption 
coefficient for tin is somewhat less than that for iron 
because Z2/A drops from 0.5 to 0.42 and at 1.25 Mev C/p is 
not large enough to compensate. For this reason we get 
somewhat reduced scattering by the tin as evident in Figs. 
16 and 17. The 1 em curves, however, show the expected 
increase only at the highest energy. For the intermediate 
energies they are equal. Rayleigh scattering may partly 


aecount for this as it is favored for small angles and high 
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Ze Tne higher ”% of tin will spresed the angle beyond that 
of fron, perhaps explaining the fact that there is compensation 
at y = 1 em and not at y = 0.5 en. 

the remaincer of the discreraney is probably dv« to 
experimental error, which is composed of errors in averaging 
original data end in reading the average, oceasionel dis- 
tortion of the printed seale of the Esterline-Angus chart 
paper, minor counting rate meter instability, and small gein 
changes not corrected in normalizing. <A weighted combination 
of those errors gives a value of #22,.5 opm random instrumental 
error. All of the above contributions, except the gein change 
which is too small to eonsider, are independent of counting 
rate. To this must be added the effect of standard deviation 
due to statistics; this is strictly dependent on counting 
rate. The scanner requires 3 minutes to traverse the channel 
width of 2 volts; if the counting rate 1s 1000 cpm there will 
be 3000 + 55 counts in this time. Summing these two deviations 


+3000 + 510 = +59 coumts = + 20 erm 


If we set twice this deviation as the nominal limit of error, 


we get 


El 


we get +40 epn. 
Examination of Fig. 7 reveals the same trends as found 
for iron in Fig. €. The very small values of y give curves 


which start low and then cross those representing greeter 
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distances. The maximum «et lowest energy is still the 10 om 
curve as with iron, but the 5 em curve erosses it at 62 Nev. 
Most of the curves algo show « tendency toward exhibiting a 
peak which must have its maximum between 95 Kev and 100 Kev. 
This must be the "Compton peak™ in the stilbene from the 

radiation seattered out of the tin at or near 190°. As 

Shown ebeve this is nearly monoenergetic for a considerable 


60 redia-=- 


rengs of angles, hence the peak, For the mean Co 
tion of 1.25 Mev this peak oceurs at 93 Kev. If correctly 
interpreted, it should be strongest in curves with relatively 
lerge y and weak for very small values of y; although not 
Sharply borne out by Fig. 7 this trend is still apparent. 

The first sharp peak unaabiguously deiineated by the data is 
at 30 em. At values of y greater than 30 em the peak position 
shifts slightly to lower energies corresponding to scattering 
angles closer to 180° as would be expected from the geometry. 
4e@ mentioned in the ecxse of iron, as the scettered radiation 
becomes monoenergetic the curve looks more snd more like the 


unseattered spectrum from Hg? 


R12 


As discovered by Hayward ona” 


and independently by Hine 
using Nal(Tl) seintillators, this approximately monoenergetic 
singly seattered radiation mey suffer ea second scattering 

giving a peak of gamma energies about 115 Xev for 180° beck- 


seattering, wnich in turn would give secondery electrons with 
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a maximum at 35.6 Kev. i1¢t is too much to expect that an 
organic seintillater would resolve this, and it is not 
indicated by these data. 

The eonstant seeondary electron energy curves for iron 
and tin, Figs. 11 and 12 respectively, point out clearly 
that at the lowest energies recorded in tne detector, the 
highest counting rates are at or near 10 em. The sharp 
drop-off at shorter distances, exolained in detail above, 
was noticed to a suall degree by White and Henderson”? put 
was much less apparent without energy discrimination and 
with their somewhat larger detector. Also as mentioned and 
explained abeve, as the energy increases, the maximum shifts 
to shorter distances. Quite interestingly, Fig. 12 shows 
that at 225 Kev there is a double maximum which can be seen 
developing in the curves at 85 Kev and 155 Kev respectively. 
At 437 Kev there is only a single maximum but it occurs with 
the lower of the two found at 225 Kev, while the low energy 
curves follow the higher of the two at 225 Kev. A similar, 
but much less clearly defined, phenomenon is observed in 
Fig. 12 for the tin, but occurring at 2 somewhat higher 
energy. This must be taken as @ clear indication of two 
competing processes, one predominating at lower energies and 
the other at higher energies. Both processes emit radiation 


well within the range in which the detector is linear. The 
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higher energy peak which predominates at small values of y 

is obviously small angle scettering. The value of y is 
epproximetely proportional to the sineof half the scattering 
angle or the scattering angle minus 90°. The energy increases 
as the angle gets smaller just as predicted by the Klein- 
Nishina reletion. The sharp peak at 910 Kev is believed to 

be caused largely by Rayleigh scattered radiation; it becomes 
especially pronounced with the lead scatterer, Fig. 13. The 
angle to inelude 60-70 pereent of the Rayleigh scettering 
(Table 4.3) includes more than half the erystal at y = 0.5 em 
and some of it at y = 1 em; none at all at 2.5 em. The peak 
at the greater distance, which predominates at the low energies 
is due, as discussed above, to the increase from shorter path 
length in the scatterer (and hence less absorption) exceeding 
the decrease due to greater distance (decreased solid angle 
and 1/R”). 

WOOD. This phenomenon is completely lost in the case of wood, 
In fact the constant secondary electron energy curve for 

wood, Fig. 9, shows only e slight felling off of counting 
rate for the smallest values of y; the maximum at low energies 
occurs at between 1] and 2.5 em while for aluminum it is 

about 8 cm, for iron 10 em, for tin 8 ecm, and for lead 5 cn. 
The situation is obvious except for lead which deserves a 


later separate discussion. As covered before, the data are 
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plotted against tie moanured distance y, While the scattering 
phenomena cecur as a iunetion of &@ relatively unknown distance 
y' whieh is the vertical distence between the source-cetector 
Plane and 2a sort of mean-seattering-plane within the seatterer. 
The difference between y and y! is so prenounced for the low 
Gensity, lightly absorbing woed, that ome would expect iitile 
variation in the data taken for 0.5, 1, and ced cme Figure 

4 shows that this is the case, the measurea points lying so 
close to one another that only one curve could be drawn 
through then. 

Wood gave the greatest intensity of low energy scattering 
as would be expected; its mias scattering coeffieient is high 
because it ecuntalas appreciable amounts of hydragen with 
Z/& = 1, and its liuear absorption coefficleat Ls low because 
of its low density. And even more importait, photoelvetric 
abeorptien is megligible, even for most of tne scattered 
rediztion. ihe high energy end of the curves ig small or 
gero; eny stall angle seattering at the depth (y! - y) of 
the mean-scattering-pléme will miss the detector even et the 
swelleat veaiues of y. Therefore the meses of the seatterer 
Which 1s so disposed as to get high energy scattered radiation 
inte the detector is gulte emall. The sack-seattering peek 
is defined at y = 30 om end is indicated at least by all the 


curves from y = £0 ca on wp. 
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ALUMINUM. Aluminum (Figs. 5 an! 16) 1s so much more dense 
than wood that its eurves more closely resexble those of 

iron. The low energy seattering is again hich; as with wood 
the photoelectric absornvtion is low, even for most of the 
scattered radiation. The high energy build-up is much greater 
taan that of wood and somewhat greater than any of the other 
seatterers at 609-700 Kav or than any but lead at $10 Kev. 
This is due to » combination of the effects of relatively 
strong Compton seattering because Z/A = 0.5, high enough . 
density to get smell angle seattereid radiation into the 
detector at small values of y, but low enough density to 

axeep the linear absorption coefficient small, and essentially 
no photoelectric absorption of primary radiation because of 
low Z Tne back-seattering peak is not well resolved in the 
ease of the aluminum data. Re-~examination of the original 
data yielded very little more indication of it then shown in 
Figs Se No explanation is readily fortheoning. 

LBAD. The seattering from leed (Figs. 3 and 13) is interesting 
because it absorbs strongly the soft seattered radiation, 

and annoying because the low ceunting rates obtained under 
these circumstances are highly subject to the influence of 
instrumentezl and stetistical errors. The major characteristics 


of this smattering eret 
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1. Low intensities at low energies because of very 
strong photoelectric absorption of energies below 400 Kev. 

2 Relatively high intensities at high energies for 
small and medium values of y because high density and strong 
photo-absorption of seattered radiation makes y!'=~y and 
confines detected scattering to a very thin layer near the 
surface, favoring detection of small angle seattering. The 
contribution of Rayleigh scattering is certainly significant; 
its eross section is about 5 percent that of Compton scattering 
and it is almost entirely confined to a cone of half-apex-angle 
~ 4°, while the Compton seattering is spread over larger 
angles; only 0.635 percent of the Compton scattering” is 
within the cone which contains 60-70 percent of the Rayleigh 
scattering’ + making the latter five times as strong within 
the cone. This cone includes 70 percent of the detector at 
y = 0.5 em and 20 percent of it at y = 1 cm. The 910 Kev 
peak in Fig. 13 must be due, in a considerable degree, to 
Rayleigh scattering; the fact that the 1 em point is higher 
than the 0.5 em point seems to be the combined result of 
the Compton contribution, which is approximetely constant per 
unit s011d angle throughout this small range of scattering 


be and of the strong attenuation of the lead scatterer 


angles, 
in the long path lengths at the grazing angles of incidence 


involved in reaching the detector, particularly at y = 0.5 cn. 
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None of the curves with the lead scatterer show a sharp 
rise at low energies because of the photo=-absorption in lezd. 
That not ell of the rise at lower energies is due to the 
distribution of secondary electrons from the Compton process 
in the stilbene is shown, however, by the pronounced peak 
between 50 Kev and 200 Kev for all values of y. These pesks 
are spread out considerably for y = 2.5 em, with their highest 
points at about 120 Kev. This corresponds to a photon energy 
of 245 Kev and hence is not fluorescence nor bremsstrahlung 
but seattered gamma radiation. The energy is high and the 
peak broad because at these small values of y this large angle 
scattering must come from 2 considerzble renge of angles. On 
the other hand, es shown before, for y = 45 em the angles 
are not so widely distributed and the peak should be at the 
Same energy «s that obtained with the tin scatterer; they are 
both in facet at about 90 Kev showing remarkably good agreement. 
The peaks at intermediate distances lie conveniently between 
the two values discussed except for that obtained with y = 20 
om. A slightly different rlotting within the expected devia- 
tion of the 6£ Kev and the 85 Kev points would put this one 
also in line, so no real significance cen be attached to any 
difference 1t shows. 

Flucrescence of 75 Kev and bremsstrahlung with a maximum 


at 100 Kev are to be expected from the lead seatterer; 
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either or both mey be present but they will merge with the 
back-scattered reeks and could not be resolved. 

Wxaminine the relative liklihood of finding 85 KV 
secondary electrons in stilbene (or biological tissue) from 


60 gemma radiation, as a function of the atomic 


seattering of Co 
nuaber of the seztterer, Fig. 14 wes plotted. Wood gives the 
greatest contribution at distenees up to 5 em, aluminum the 
most from 5 to 24 em, anc iron for greater then 24 cn, 
shentews, surprisingly enough, cuts down to zero at the 
smallest value of y of any of the ecatterers, 

A relatively wninteresting experiment (Fig. 17) with 
wooe showed that removing the outer two-thirds of the scatterer 
hed negligible effect on high energy components at y = 0.5 
em, and caeus@lia 10-30 percent reduction in the seeondary 
eleetron count at low erergies. This is evidence of the 
familiar workings of the Kliein-Nishina relation. This seme 
reduction in area had a much more striking effect on the 
curves for y = 60 em whose ordinates decreased by more than 
90 percent. Presumably this represents a 67 percent loss due 
to removal of scatterer and a consi: ‘ercble loss cf photons 
entering the remaining part due to trensmission out through 
its sides. 

The only experiment completed to determine the effect of 


yerying Ey was the mezsurement of the build-up of Cgl37 
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rediation seattered from tin (Figs. 18 and 19). The curves 
of build-up are a little complicated, resembling in some 


60 


ways the Co” sesttering curves with tin (Fig. 7) and in 


other ways those with lead (Fig. 8). The build-up is mueh 

less than with the higher energy co®®, At low energies the 
maximun build-up is at y = 10 cm. Curves at small values of 

y stert out lower at the lower energies and wind up higher 

at the higher energies. The £25 Kev curve of constant secondary 
electron energy shows the same double peak as a result of this, 
the peeks for lower energies following the peak with greater 

y, and the one at higher energy following the peak at lower 

y. 

The build-up curves showed a peak for almost all values 
of y, a broad one peeked at 90 Kev for y = 0.5 and sharper 
ones peeked at ebout 60 Kev for hisher values of y. The 180° 
back-scattered peak is calculated to give secondary electrons 
of a maximum energy of 63 Kev which is excellant agreement 
with the above. The higher mean energy of the broader peak 
at short distances is to be expected from the inclusion of 
angles considerably less than 180°, in a manner similar to 


that observed for Pb at y = 2.5 em. 
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BUILDUP OF Co RADIATION 


| SCATTERED FROM WOOD 
3000 
| DISTANCE BETWEEN POINT SOURCE 
AND STILBENE CRYSTAL - 40 Cm. 
WOOD SCATTERER 36"x 47" SURFACE 
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Note . Energy calibration is deter mined 
with Cs!'9? electrons incident on the 

lOOO Stilbene crystal. 









Only the energy distribution of 
the secondary electrons produced by 
the scattered radiation in the Stilbene 
crystal can be observed. 
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BUILDUP OF Co®® 
RADIATION 
P SCATTERED FROM ALUMINUM 


: (See Fig 4 ) 
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BUILDUP OF Co®° RADIATION 
SCATTERED FROM IRON 


(See Fig 4) 
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Figure 6 





BUILDUP OF Co®? RADIATION 
SCATTERED FROM TIN 
(See Fig.4) 
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BUILDUP OF Co RADIATION 
SCATTERED FROM LEAD 


(See Fig 4) 
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CoS? RADIATION SCATTERED 
FROM WOOD 


3000 Buildup of Scattered Radiation of Constant 
Energy as a Function of Distance (y) of 
Source - Detector Plane above Scatterer 
Sur face 


(See Figure 4 ) 
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Co®® RADIATION 
SCATTERED FROM ALUMINUM 


(See Figure 4 ) 
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Co®9 RADIATION 
SCATTERED FROM IRON 


(See Fig 4) 
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Co®? RADIATION 
SCATTERED FROM TIN 


See Fig. 4) 
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Co®° RADIATION 
400 : SCATTERED FROM WOOD 


‘ (See Fig. 4) 


SECONDARY ELECTRON ENERGY 





Oo 14 Kev 
A 28 

x 42 

O 85 

* I55 

e 225 

ua 437 
© 910 


e 


40 60 
y = Distance above Scoatterer in Centimeters 


Figure |3 





85 Kv SECONDARY ELECTRONS 
IN STILBENE FROM SCATTERED 
Co GAMMA RADIATION 


(See Fig. 4) 
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BUILDUP OF Co°? RADIATION 
SCATTERED FROM TIN AND 
IRON 
(See Fig. 4) 


Showing effect of Atomic Number 
(Z) with two scatterers of approx- 
imately the same density. See 
also Fig. I6. 
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BUILDUP OF SCATTERED Co 
RADIATION 
S000 SCATTERERS AT lO cm. 


(See Fig 4) 
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BUILDUP OF Co®° RADIATION 
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| BUILDUP OF Cs'3” RADIATION 
SCATTERED FROM TIN 


(See Fig.4) 
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Cs§? RADIATION 
SCATTERED FROM TIN 
(See Fig. 4) 
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Ve SUMMARY AL RECUMMENDATIONS 


Ae OUMMANY. 


60 was used as & radiation source and 


ie Co 
Stilbene as an organic scintiilator. they were sept in a 
horizontal line of constent orientation, 40 cil apart. both 
were gimultaneously moved vertically towarcs and away from 
various scattering meteriais. 

&. ine following scattering materials were usea: 
wood, eluminum, iron, tin, ana lead. kach was of surficient 
thickness to be termed a "seti-infinite" scatterer. 

3. Measurements wers made as follows: the radia-+- 
tion penetrated the lightshiela and stilbene crystal where 
it ejectec Compton secondary electrons. These secondary 
electrons caused lonization and the emission of light. The 
Light was converted to electrical charge by an RCA 6199 
photomultiplier tube. Flow of this charge through a resistor 
in the input of 6 linear amplitier caused a voltage drop 
which triggered a pulse through the emplifier. The emrlified 
pulse was classified as to energy by a differential dis- 
criminetor of £ volt window width and with base line con- 
tinuously shifted by electrically driven scanner, The output 
ef the discriminator fed a counting rate meter which in turn 
fed an Esterline-Angus recording ammeter which drew the 


energy spectrum of the secondary electrons in the stilbene. 
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4. A spectrum teken with no secetterer was subtracted 
from each spectrum taken with a seatterer, The ciffereice 
was plotted as "Build-up of Go" 


(Pigs. 4~8 inel.). 


Radiation cCeattered from .." 


5. These deta are also presented by pletting for 
eaeh of several constent values of secondary electron energy 
the curve of h va y where n is the counting rete anc y is 
the distance petween the souree detector plane and tne top 
surface of the seatterer (Figs. 9-13 incl.). 

G6. Additional curves were prevarcd as follovs: 

@ plot of nvs ¥ Vor a single energy and for 5 
divyferent seatterers (f1g. 14), 
a comparison of the beheviour of two scattering 
media of about tne same density, iren end tin 
(Figs. 15 and 1s), 
a plot of the effeet of removing part of the 
wood scetterer (Fig. 17). 
7 js Similar experiment was cenducted witna csi’? 
&$ @ source and witn tin as the seattersr. A curve as 
described in (4) and one as deseribei in (£) sbove, were 
prepared (Figs. 18 and i9 respectively). 

8 A qualitative discussicn is presented for each 
figure explaining the maxima, end the variations in intensity, 
observed, by considering angular distribution shown in Cozpton- 


Rayleigh scattering, and taking into account the absorption 
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of the scattered gammas by photoelectric effeet in high 2 
naterilals. 

9. Most of the observed phenomena were satisfactorily 
explained on the basis of existing knowledge but a few features 
will require further observations for verification and 


Clarification. 


B. RECOMMENDATIONS FOR FURTHER WORK. 
1. The following additional investigation is 
recommended in this immediate area: 

a. Perform, with monoenergetic gamma-ray sources 
of different energy, the same experiments done here with co, 
particularly to determine to what extent the effects noted 
are general and to what extent, if any, they are specific to 
co, (This has already been started with cs") 

be. Investigate multiple seattering by adding a 
scattering medium above the source-detector plane. Keenine the 
source-detector plane parallel to the surfaces of the two 
scatterers, neasure the build-up for various vositions between 
the scatterers and for various separations of the scatterers. 
(This has already been started for wood with separation of 30 
em with y = 0.5, 19, 15, 20, and 29.5 ems separation of 10.5 
em with y = 0.5, 5.25, 10 em; and separation of 1 em). 

ec. Extend the multiple scattering experiment 


for at least ome value of the separation to include closing 
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the gap between the scatterers with vertical scattering 
material, leaving however a cleer chennel for the primary 
radlation, 

ad. Because of the practical importance of 
scattering from conerete, so common both as a structural 
and as a shielding material, make measurements of the build- 


60 137 radiation seattered from conerete of 


up of Co” and Cs 
thiekness ~> & mfp. 

e. For the spectra experimentally obtained in 
this investigation, determine by the method of Prestwich and 
Colvin’? the average secondary electron energy, the energy 
absorbed per gram of stilbene, and the desage. This should be 
done for the entire spectra and for portions of each spectrum 
above given energies as this latter will give an approximation 
of dosage in snite of shielding ("approximation" beceuse of 
build-up factor in such shielding). 

2. The following recommendations are made relative 
to improving the ecuipment used in this investigation: 

a. Modify the counting rate meter to eliminate 
the small amount of instability, primarily a sensitivity to 
changes in line voltage. If feasible, also provide it with 
integrating circuits of smaller time constant; the higher 
integration rates now provided will probably never be needed 


in this laboratory and rate 1 is now defective. The change 


should be patterned after the most recent counting rate meter 
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constructed here, which is quite satisfactory. 
b. Provide a more stable high voltage supply. 
c. Provide stable source of 60 eycle 4.C. line 


voltage between 110 and 115 volts. 
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APPENDIX & 


UEE OF THE RCA 6199 PHOTOMULTIPLIER TUBE 


It appears appropriate to document the tests meade 
and experience gained with the RCA 6199 Multiplier Phototube. *® 
The significant features of this tube are its smaller size 
than the 5619, flat end window, more uniform photocethode, 
and improved sirnal to noise ratio. It has spectral response 
S=-4 with maximum resnonse at 4000 + 5002. The photocathode 
is circulezr and semi-trenspsrent with a window of srea = 1.2 
sq. in., minimum diemeter = 1.24", minimum diameter of flat 
surfece 1" and index of refraction 1.51. Its overell length 
is 4 3/8" + 3/16", seated length 3 7/8" + 3/16", maximum 
diameter 1 9/16", using a duodeeal socket. 

The rated maximum anode supply voltage is 1250 D.C. or 
peak A.C.; our experience indiestes 1080 volts, where the 


rated gain is 10° 


» is highly satisfactory. Operating it at 
1080 volts with no scintillator and with the same rubber glove 
lightshield as employed for the scattering experiment, no 

dark current was read at the linear amplifier gain usually 
used with Co® ana the 3/a" diam, x 3/8" long stilbene 


seintillator. This was true even with the discriminator 
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base line at 1 volt and operating it as an integral dis- 
criminator. This was repeated many times at widely dispersed 
intervals. Wo cooling was necessary; the tube operated at 
normal laboratory temperature (65°-90°F). 

The resolution obtained with one tube was tested using 
anthracene as a scintillator and the internal conversion 


137 8 the source. On the basis of these 


electrons of Cs 
tests a good circuit wes chosen from emong several suggested 

or locally conceived. This circuit (Fig. 20) is one suggested 
by aryl.» 414 


Mod. 1 is one constructed at MRL with features which permit 


and the mounting used designated NRL No. 1, 


its submersion in water if necessary. Another feature ef this 
mounting is that it presents minimum mags and minimum area 
so as to reduce any scattering into the detector. Wo pre- 
amplifier is used with it, the capacity of the grounded shidded 
eable providing a leek whieh reduces noise in the same ratio as 
signal. This arrangement led to no noise from the photo-e 
multiplier, reasonable gain on the amplifier, and elimination 
of the preamp, wnich would otherwise be e source of noise. 
end a source of seattering placed close to the detector. No 
dropping resistor was provided at the tube; the one in the 
input cireuit of the model 204-B lineer amplifier served this 
purpose. 

The resolution of this, and of all subsecuent tubes 


received was then measured with NaI(Tl) scintillator. At 
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first a freshly cleaved crystsl in mineral o11 was used but 
a eanned crystal with MgO reflector was found to be slightly 
better and was substituted. 6Still further improvement vas 
obtained by changing from mineral oil to Dow Corning 200 
fluid, 10° centistokes viscosity. This was later changed to 


6 x 10° 


centistokes viscosity Dow Corning "00 fluid for 
greater convenience in routing. 

Resolution was measurec by taking the energy spectrum 
of os) 37, The width of the photopeak at half maximum, divided 
by the position of the photopeak, was used as the primary 
eriterion of the resolution. As a secondary criterion there 
was also used the ratio of the counting rete at the photo 
peak to that at the preceding "valley". 

Teble A-1 shows the results. The avernce resolution of 
10 of the 6199's was less than 11 percent which was the 
resolution of the best of over 50 5619's tested previously. 
And of the over 50 5619's only 3 were even comparable with 
those 10 6199's. (It is understood the 5819 has also been 
somewhat improved since the above mentioned tests were made.) 
Two of the 6199's showed 9 1/4 percent resolution as an 
averesce of 8 and 12 runs respeetively. Hoover!+4 at NRL, 
had reported even better resolution and also e distinct 


dependenee of this resolution on voltage; only s slight 


depencenee of this kind was found. In the table under the 








ee ee ee 
prlteveny e2F 0+ feat of aieag 
Yo Wolse Loree Sette AT edn eEW DCT ERT fate StAR) 
Sealer yet eats demote C2 mand wael ene WORF ont To" P 
VUE brety etues BICINMG OF weve Te Jead alt Yo mmituscese 
Bebe Blanes Gete oT 0 (fee wlQee Of cere get Ge nas 
mand OTs ee OME ath hoctrmtaret 15) .oale OL sends 
(sham wtey agen tea timer evely fF sunt byrown® fummeame 
: il © Seecse 2D Oe Be wT 
vUevitzeqery samt Gi san OOo epenewe 


‘ Sas 


7 


ety vehaw widee REP | Demo? nev Bets 22% IG Cormberoged 
; ; ne 






















61¢ 


61D 





VA3 


VA4 


TAS 


Hemarks 


Defective. icrophenic. Returned to manufacturer. 


Statistics poor. 


Besed on 3 runs. 
Optimum hesed on & rums, shielded on 1lf runs. 


Peor statistics. 
Optimum based on 9 rums. 
Poor statistics on éetermination cf optimun. 


Optimum figure basec on 1f& runs, 
Poor statisties 
Made 3 separate applicetions of crystal to verify. 


This tube has phenomenal gain but is quite noisy. Wot 
microvhonic at 1080v. At 750v resolution was not 
consistent. Stutistics poor on cther volteges. 


poor ctatistics. 


i ee pees 


Poor statistics. 
Poor statistics. 


Poor statistics. 


finite series of observations. =+ 





Becky “a te ofr sitixeca nat Ye vive: ect dumm cas ser 





petieoony G47 fe cea? BF alneg 
Jo eotieloren marine ae? seatpeey oof eyo [-4 eit 
. ant pa dob demo EF an? sant war ePOOI8 wits Io OL 
ehewolvete Sateed O'ES9E OW ceTS Te tend ode to erltutoess 
ee aldecaquew cers eves £ Le Bt@ule OF cewe gtr Ee nab 

fone note and O1SR/ adh keotretanat tS) 240i Of eanit 

(etm ese~ asees Cow iia errs af3 sunt bevoege® 2 iwsaus 
pe te cwltetsaar aso ON © pevode 8*Ot Sb asd To owe 

ut udev itoames e6m 65 Joe B I0 Agrsere 


am morhitoter gattad weve batowrt 
c= iA abet Te 

a ceboe wider wity mi sean nud tats shee Yevoumireget 
1” & 














- AH, 














\BLE A- 1 
All tests made in NRL No. 1 Mod. 1 with cs??? 
Within range of tests, reso: n inde pendent of distance and window 


Resolution 














Crystal Resolution Re 4 Optimum’ with 0.0707 
=. _—— tem ol —— with 0.062" wi 0 Resolution pemetal shield 
igent Resclu Resolution p-metal shield yer shield +5.D.* +6.D.* Remarks 
(percent) (percent) (percent) onl 
me No. 1 Mod. 1 16 20 Defective, Microphonic.. Returned to manufaeturer. 
Nujol 16 
10 il 
i. Wo. 1 Mod. 1 4 : Statistics poor. 
1096 Wo. 3 Nujol 9.5 9.6 40.12 Besed on 9 runs. 
1080 se PC 200 9.25 10.25 9.25+ 0.25 9.75 + 0.17 Optimum hased on & rums, shielded om 1? runs. 
1080 Wo. 1 Mod. 1 . 12.5 15 14 
: Bujol 
: - Poor statistics. 
1080 n°" wugol 7" y wy it. " 10.5 Poor statistics on cetermination of optimun. 
é — 11.5 10.5 9.32 + 0.21 Optimua figure basee on 1f£ runs. 
1080 No. 4 DC £00 9.25 10 
fluid 
Poor statistics 
1080 No. 1 Kod. 1 13.5 12 
Kujol 4 ify 
Meade 3 separate applicetions of crystai to verify. 
1080 0 =—ssMo. «1 «*Mod. 1 29 ba ”? 
tiujol 


This tube has phenomenal gain but is ouite noisy. Wot 
microvhonie at 1080v. At 750v resolution wes not 
consistent. Stuetistics poor on cther voltzeges. 








Poor statistics. 


Poor statistics. 





Poor statistics. 
. is standard deviation of finite series of observations.=+ 
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column heading "Crystal; Matching Agent" the term No. 1 
Mod. 1 refers to a freshly cleaved crystal of NaI(T1) in 
mineral oil (Nujol); No. 3 end No. 4 refer to tvo Harshaew 
Chemical Co. canned Wal(Tl) crystals with MgO reflectors. 
In the "Remarks" column, the statement "Poor Statistics® 
means only that the nuaber of runs wesenall so that the 
data are statistically less reliabdle. Ail the seattering 
tests were gubsequently run using 61B. 

At first, variations in gain were found, even for a 
Gingle tube ant e single erystal. This was determined to be 
due to rotating the tube a little between such runs. The 
point then closest to the supporting alusainum tube was marked 
end the anguler position of the tube varied by rotating about 
the long axis of ths tube envelope vhich was vertical (see 
Pige 1). The angle recorded as 9 is the angle from the 
original position measured counter-clockwise looking down 
élong the tube axis. Table A-2£ gives some of the results. 
Por every tube tested the meximum gain and smallest (best) 
resolution was obtained consistently in the vicinity of one 
position. For most of the tubes this was approximately 0°; 
for the remainder it was 180°. In every case the lowest 
gain and poorest resolution was obtained at a point 180° 


from the position giving the highest gain and best resolution. 


f .08 oreed elt Clips prtoote® ; Letece®” satten) cowtos 
Be ap tae eee Pal ee a ee 
exert crt oh sakes & vet bak t 108 \Lidtod) die Laveato™ 
paapation Melina Bie hanes at, pec ae 

Terlivtent® sock! Armentets of .cmtlée "evel? eat of 
cus Cath cacLloe sey sur Ws vescu) lt sem che cee 
partuediete well LA wedables cud! UU lemeitiame wid etah 
wil? anize crt tie -wedee othe ofene 











o vey mave EEN mabe atey tel cite. 00 4i8s 
lane 


ad of teatereted co ChoT sinter alanis « bas 
et .mry Aace cemeded offtil 6 ote-cad gutl ot wel 

sy om tts ene oto i> ns 

yma auizador yd Detuer echt afd Yo codelaa wiley ott bee 
ean) Lontteey sue peuily beghivuce othe pad te cic pedl ond 
od? Si? “ium ep es 8 as Commeoms ofpey al? ofS sell 
ve" yAlvons retewnfe-tarare Setceam wo ttles, laakehio 
getinene wih Se em Werra o<4 side? eres cies ol? pete 
(ound) Tesliame ORR lnk OAn es Stems eww YRNE 467 
0 DO CU EAESIY OO YA ELiwyaleres Cecarie ser saljeloaes 

g7D “inrmaleertyes BY ehay Beaty Oe De From met .multiaeg 


= Ee See Moped ees 
| sehen Paty it ons Qoove, wvbbbien uy eumT q 




















‘reded yreyo snSuy—-aeut{1eqgss eyy jo Zuyqutad ay. UT UOTIOYSTp TBUOTSBIDO SYyy PT[NOdD OS pur O°T Aq 


qUZToay AGTT#@A ZOoTJE prnoo ATsnoyaeid pewoT@UuSew AAT [Tqeqysuy Asjeuw oyerl JuyyUMOD JouTM ssnBsseq 


SIQETI9IUN JoyuRYd SF YNQ UOTZBOTLUT TEUOTIFOPE ST 


90T*O 
LOT°O 


€OT*O 
TITt’o 
9TT°O 


SOT*O 
vOT*O 
6Tt*O 
L0T*O 
666°6 
€66°O 





Leh 
Lh 


6° 
oh 


BrL 


O°ST 
e°vTt 








0°92 
6°o 


quZyer LOTTA 
eye xved 


06 


68 


PTAaTuUs Tezer- O20°O UGTA gnc euEs 


6T 


GPT 


G" yt 


(pTeTys OU) 6YTOA OO°T = UIPFA Teuueyo 


o°k 
Teh 
o°d, 
a*h, 
6°9 
4°9 


(PTeTyS 


UOFINTOS SY puR UTeD Jo seduepueds Ieptnsuy 


uypeedg JTeHy 





@-¥ eTqey 


S°? 
B°S 
0°9 


96 


G “te 


£8 





UIT4 S9TOA OGOT 72 uNZ 


0°S 
G°s 
O° 4 
G°S 
o°S 


$°g 


743 Tey 
AOTTRA 


60T 
LOT 


{U3 Fey 
Read 


Ou) SITOA OO°T = UIPTA TeuUePYyo YYTHM SYTOA OOZT 3B UNI gTO 


€°3L 9°O x OT 
9°TL $°O x OT 
G°9h 9°O x OT 
3° TA 9°O x OT 
G°L9 9°O x OT 
aig 
G°39 G49°O x 
89 GL9°O x 7? 
S°99 GL49°O K FY 
G°L9 G4S°O x VY 
04 G49°0O0 x Jv 
G° TL GL9°O x ¥ 
UOTITSOd  gy¥Os FO 
Heed 


= UOTINTOSsy 





khen tested with a 0.068" yemetal shield (which was designed 
for « 5619 and hence was too large) the results were inde-~ 
pendent of § and were approximately egual to those obtained 
at 68 = 90° and @ = 270° with no shield. When tested with 
ea properly fitting 0.020" pe-uéetel snield a little less 
eonsistency was found but enough runs were net made to place 
reliance on this; however with this shield the repreducible 
anguler dependence was certainly eliminated. There seemed 
no advantage to using the shield ana several possible dis- 
advantages so 61B was taped to its stend at 8 = 0° for 


the seattering runs. 
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This paper, an expansion end discussion of a series of lectures given 
by Dr. F. N. Scheuvel cf the Technical Institute, Darmetadct, Cermany, was 
undertaken by the writer ase a thesele project while working for the degree 
of Mester of Science ir. Acroneuticeal Fngineering at the University of Mich- 
igan, Arn Arvor, Michigan. These lectures were giver et the Universit of 
Michigan during the fall of 1951 while Dr. Scheubel was visiting the Uni- 


a 


versity at the invitetion of Dr. F. W. conlon of the Acronauticeal Fngineer- 
ing Departament. 

Lr. Scheubel presented the meterial in six lectures, the firet three 
devoted to quasi-etatic stabllitv corcupte, the last three to their use in 
the solution of the cquations of motion. Hie limited time prevented a de- 
tailed accounting of the acsumptions involved as well as minute exrlenatione 
of the approximations made. It ie the purpoce here to verify and expand on 
his presentation to a devree consistent with the limited scope of such a 
paper. 

Briefly, his materiel covered the following. His lectures were re- 
stricted to symmetric or lemgitudinal motion. Fe developed the longitudci- 
ral equations of moticm and the quasi-etatic etability criteria at equili- 
briun and at consetent epeed. Hs solved the equations using these quasi- 
stetic stability conceyte for both the prugoid and short period modes for 
the stick-fixed case. An amplitude-pheace relation for the two variables 
aovlicable to the modes was discussed. He then introduced the degree of 
freedom about the elevator hinge line and solved for the etick-free case. 
Finally the effects of an elevator impulse were discueced. 

This approach to dynamic lonzituwiinal nction differe from standard 
methods mainly in the quasi-static stebility conce;ts ae regards their in- 
sertion in the sclutions tc the ecustions of motion. In this respect, the 
method may, és illustrated, be safely applied only to conventional air- 
craft, i.e., a@ rigid body, where the nunber of degrees of freedom and thus 
the complexity of sclution is restricted. rhe enalysie of the mction as- 
E€uning a phygoid and a ehort period oscillstion servee only to illustrate 
the hendling of the quasi-etatic concexyte. The limitation of the method 


in reepect to acceptable separation of tt 10tion into these modes was 
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reference 1 are relezeted to the flivht path direction or wind axes in 
ler thet the further discussion will bs basea on common sumptions 

ma epproximations. r. Scheubel's equations as developed for a svstem 

reletive to the flight peth will then %e c rea term by term with the 
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iimensionalizing the equatione, the presentetion is as Dr cheuvéel de- 


velosved it. 








X, Z, M 


mee «Clg Gor AB, AT ,Aw 


mass of the aircraft 


initial velocities along x and z body 
axis 


perturbation velocities along x and z 
body axis 


angular velocity about y axis (body or 
wind ) 


air forces and moments a 


perturbation of attitude angle, flight 
path angle, and angle of attack 


initial attitude angle 


aircraft radius of gyration about y 
axis 


moment of inertia about y axis 
initial flight path velocity 
velocity perturbation along flight path 


velocity along flight path following per- 
turbation —° 


lift, drag and air moment 
aircraft weight 

initial thrust and drag 
elevator deflection 

lift coefficient for aircraft 
air density 

wing area 


eircraft drag coefficient 


non-dimensional velocity perturbation, 
ratio of perturbation tc total flight 
path velocity 





Se 
| 
ct 
——. 
ct 


mass density (See Appendix A) 


non-dimensional time 

initial moment about y axis 

tail length, distance from aircraft 

c.g. to center of pressure of horizon- 
Tan tail 

conjugate complex root of characteristic 


equation. KF is real part, I is imaginary 
part 


constant coefficients of equations 
position of aircraft center of gravity 
from most forward part of aircraft in 
percent of wing chords 

position of neutral point of aircraft 
from most forward part of aircraft in 
percent of wind chords 

angle of attack of horti.ontal tail 
lift coefficient of horizontal tail 
area of horizontal tail 


angular frequency of mode of motion 


periods of phygoid (p) and rotary (r) 
modes of motion 


wave length of phygoid 


distance between the hinge line and cen- 
ter of gravity of the elevator 


mass of the elevator 


radius of gyration of the elevator 


hinge moment coefficient of elevator 


mean aerodynamic chord of the horizon- 
tal tail 








h altitude change 


Subscript » indicates eteady state values in the response discussion. 


‘ny other symbols used are either obvious or are locally defined for ease 


in handling equations. 








The standard development in a perfectly genoral way es accomplish- 
ed in reference 1 result in the equations of longitudinal motion of the forn, 
A.l m(u' + W,a) 3 Xu + Xa - mg cos 116 : ) 

A.2 = mw - Ua) = Z yu! + ZW + Za - mg ein 79 
A.3 m . dice If = Ms WSs Mow + M44 : , 

These equations are relative to body axes and contain the follow- 
ing essumptions and approximatione: 

(a) Initial symmetric steady motion is assumed. 

(b) The air reactione do not depend on the rates of change of the 
variables, U, V and W, or their integrals. 

(c) Second order and higher terms of the air reactions are neglected, 
i.e., only infinitesimal disturbances from an initial eteady motion are 
treated. 

(d) The aircraft has a plane of symmetey and the steady motion about 
which the disturbances occur is symmetrical with regard to that plane. 

(e) The disturbance initially imposed on the system is unenforced and 
the controls are locked. This rules out an initial couple, Mo and the vari- 
etion of M with &. 

The variables are seen to be u, wand q. These are illustrated in Figure 
1. The relation between the body axes and the wind axes is shown in Figure 

2 
e. The body axes are primed. Angles are measured positive counterclockwise 


from the horizontal reference for }* and ‘©, from the wind line for. 


1 
In regard to these figures it 1s seen that, 


(a) Since q is a velocity and @ a displecoment, @ = fqadt=AQK+AL 
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Figure l. a 


fe 





= o, 
(db) V, is the steady state velocity and, ve Se 


yen there is the definition, V = me + AV 


: \ 


at dt 


(c) In essence u is now .V, and w does not exist. 
The inertia terms of the equations of moti parallel and perpendicular 
to the wind direction and adout the center of gravity become, neglecting the 


inertia force due to linear acceleration perpendicular to the wind direction, 


for Awl: m S LN) 
dt 
[Or 2.2: mv a 
ae 
5 
aq ( oe ) 
Por fea: re a(a~ + #) 
ate 


The weight comvonernts relative to the wind axes become, 


along x: mz sin ¥ 
along Zz: “mg COS of 


and these are only effected by A®. 
There remaine only the air reaction derivatives. The force created 
On the tail due to q is the largeet resulting from this disturbence and 


from experience it is known to be emall along the wind axes so X_ and a 


are nezlected. 





betions existed elong both axes. Using wind axes, cnly the velocity per- 
turbetion, AV, now exists. Any sinking velocity along the z wind axis is 
merely a change in angle of attack. The air reactions alcng x consist 
only of the drag in its entirety, neglecting variations of thrust. The 
drag varies with both & end V. The air reactions along z consist only' 
of the lift in ite entirety and is affected by the same quantities. A | 
pure rotary perturbetion about the center of gravity changes bcth &% and 

a put only CO affecte the linear forces. The same applies to the air mo- 
ments. The variations with % ee ound by wind tunnel tests end any rota- 
tion of the model ebout the center of gravity is considered pure % . This 
does not hold for the case of the effect on M of both A % and o ae These 
two perturbations make up 8, which, when multiplied by the tail length, 
memeo tne effective sinking velocity cr the horizontal tail. Thie sinking 
mevocity in turn ie felt as a chengeuin angle of attack of the tall. 


Thue the externel forces for A.1l becone, 


oD, , ap Cm. .. 
Sx OA + 5 OV + sr (mg sin & ) Ar 


end equation A.1 is, 


A(.V aD OD 
m - = ! LV + . ev £4 
ae <q Ok + 57 AV + mg co ee ae. 
Fquation A.o is, 
dy aL feet. 
nee = NA + AY + mez si ras 
ie wd ng né x 


rquation A.3 becones, 
a(x +x). DM. 3M aK’ 4 eoreD 
= ~ N& \ ae ; : 
ly 5 Sa Sy AV + gq 4% + spe 


. os 
fay, 
ctr 


The use of the wind axes then hes the advantere of the aircraft's for- 


werd motion being along the x axis so that the lift and drag forces always 
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made alone the axie of perpendicularity which is the case if the forces 
are resolved alang the body axes. The disadvantage is thet these axes 
change contiruously so that the moments and products of inertia change. 
For. small disturbences from initial horizontal flight these discrepancies 
are considered negligible. Also the thruet does not Be tipatlone the wind 
exes for all aircraft and, for an individual aircraft, at all times. 

The continuity of this payer and the advantage of physical "feel" 
that is had from the development of the equations of motion from initial 
Suppoeiticm of wind axes can be best maintained by including euch a de- 
velopment in ite entirety at this point. This is the method used by Dr. 


ocheubel and appears to be in general use in Germany. See Reference 2. 





Pi pure 5. 


With the aircraft in an attitude and with the external forces as 
shown in Figure 3, the external forcee are equated to the time rate of change 
of momentum in the direction of the wind axis, i.e., along V, end one equa- 


ticn of equilibrium follows. 








— — eee ee 


then, following a small disturbance, are the initial values plus the in- 


\, 


cremente due to the chenges, x, 


\ 


oT dp. aD. _ 
= eee ou wo Sy - 57 OV oe -Wcos va? . My 


02 |=: 
ae 
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This is the result of a Taylor Series expansion of the quantities T, " 
and W as functicr#e of “~ , Vv, & and $ in which second order terms and a- 
bove are neglected under the assumption that the changes ere small. Assuming 
an initial condition of equilibrium, it is seen that this equation is compar- 
able to equetion A.1 with one exception. Thue all the essumptions previously 
enumereted hold. The exception is the thrust term. It is easily seer that 
thrust is not affected by changes in X , & , or §& . The etick-fixed case 
is considered here elso. Thus all terms involving § ere neglected. 

This first equation is now manipulated into eae form necessary for sud-, 
sequent solution. Initfel equilibrium and essuming & cmell gives, 


qT, - D -Wsin & =0 = and, cos “= l1 or WelL 


O 
2p) > : 
also, ee’ * and, D=CosPvs ae 
1D) 
Multiplying terms in T dv Fa and = and terms in D doy -< and z ehere ae 
O =o 
W av Vor WwW op ov OD, 
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l: OW, Vv sp ; Sint v sD Jind and lettings Vv 
T. 6V Oinv’D. ov” 6 inv y° * 
waere is, 
wav w Sot) ow acy) 
. dt g it ; at 
2 ik oe Fe 
= - v_ (2 3 In T - 0 In Dy - . fs et x _ De \ o. V QQ 
An 
Ov. <r 
Using the etandarc rotation, sy = ay and dividing bv a 3, there is 








} 
Thie equation is non-dimeneioneliced in the ueual manner. The right 


side of the ecvuation is non-dimensional ae it stends. Considering the left 


side, multiplying numerator by v/v and the denominetor by t/to> 
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® 3 * ° V 
mewmmee unit, t , is adopted by Hetting, - —=— eo ) tien, 
: 8 Pvs 8 


we? 
wo ) 7 V E 
L. = aaa 76 a Cy : where the mass ee » 18 given oy, 


eW 2 ,Wy\?/2 1 
= -~= —— (-)- — , This mages number, or density factor, is 
J 2 psy = GP g) Ww 2 ; i 
yendix 


° =| s fi a w ? pe = bg : - £ “~~ 
discussed in Ap Tow the non-dimensional time is given by, t/ tm = ¢ 
ee 
t . _ Ne : ef 
60 that, Ce = dé and the variebdle aV is transformed es, ~ = u. 
Q ; 
the firet equation of moticn then becomes, 
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Peein reierring to Figure 3, the em@temmal forces pérperdicular tert. 


Vind line aré equated to the centrifugal force or masa times the centrifugal 


. a, W._ dég W is | W. ey 
moce |eretion a Ha a Ysa = L - W cos yx sin oto eas Fue because 
5 gd 


G x h ~ Md p ts feat | + j 3 
” dt reeults in no change in velocity perpendiculer to the flight path and the 


linear acceleretion in this direction is neglected. If emezll disturbance 


bs 5 4 


is introduced, and, since lift does not vary with & end the etick-fixed c#ee 


With the same acsumption as before, that of initial equilibrium, this 


equation ic seen t> be the same as equation A.2 and so the same assumptions 


anu approximetiors are implied. Fxnanding the derivative 


e 








A eee a ee Pov VY 5g eae 
Sy UL eo oy Pe ve 


.&, so that 


= 
= <7 # 
Oo lr \ 


tT? rn a Po) in JA + 

| , 5 

WV ~~ - 
=) 





U 
“O 
| 
¢ 
d fy 
Sg 
SQ 





The left side ig ron-dimensionalized as before 
by t_/t_, trore fe, 
eet we J aa 
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The finel equation of the lonzitudinal motion 


mo1ienteé to the monert of momentum about the center 
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An imoortant point to note here is the Germen vee of the equare root of 
the wing erea as the pda tienen length term when converting moments to coef- 
ficient form. The reascning is that this quantity is more easily defineble 
for the variegated types of wings now in existence whereas the men aerodynamic 
chord is somewhat nebulous in definition in the litereture. Ancther reason 
ieé the fact that the quantity r/s¥* hanges from C.6 to 1 1@ end thie facie 
tatee its approximation to wmity where it appears. 


Considering the last term and nen-dimension:li_ing the derivetive »by lett- 
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Now nonedimensionalizing the left side of the equetion, after dividing bv 
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This equation may be rewritten in the more concise form 
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There are then, the longitudinal equaticne of motion in nor-dimensicnal fo 
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Theee equations have been seen to compare term by tern, except for the 
inclusion of variation of thrust with velocity, with these developed in a 
more general sense. The acsumptions and approximations have been cited. The 
dependent variables are u, @ and &. 

A more general cage would be thet of assuming, instead of the homogeneous 
Bet above, the equating of the quantities above to forcing functione of the 
elevator displacement, §. This would require, in addition, en equation of 
motion involving moments about the elevator hinge line. This would be the 
case of stick-free stability and motion. 

It is noted that a striking difference between theee equations and those 
more fam_liar to most students is the form in which the stability derivatives 
have resulted. Since the problem is now ready for analysis of modes cf motion, 
damping factore and associated desired results, the quest’ on arises as to why 
this form of the derivatives and how they are to be evaluated. P 

the usual procedure is the separete evaluition of each derivative by 
Similarity to previoue determinations or by wind tunnel or flight testing. It 
is seen that certain of the derivatives in the three equations above are in 
combination. For a special but usual case of the solution of the equations of 


motion further combinations of these derivatives appear. A digacuseion of bcth 


the general case and this epecial one of the solution foldows. 
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comes quite involved in that the solution is carr'ed to the determination of 
an equation for each variable composed of both the complimentary function end 
particular integral. See Reference 1. If the equaticne are resatrictid to the 
stick-fixed case and the motion is acsumed resulting in the absence of en 
applied forcing function, the equations will be homogeneous and the solution 
resulting will be the complimentary function only. 

The discussion here will be further restr_cted in that the equations in 
terms of the variables will not be the end result This would merely give 
the particular motion resulting from certain initial conditions. 

The characteristic equation which results from the sclution of the dif- 
ferential equations being of the form, x = xe" , will be analyzed for ite 
roots and information relative to inspection of these roots. Thia will show 


the character of the motion as regards stability, periodicity and demping. 


The nature of the characteristic equation, or etability quartic, will be 


( 


rc 


set down from the determinant resulting from the solution, x = xe ¥x- 
perience has shown that the two sets of roots that form the sclution are 
usually of such widely separate magnitude that they may be separated. The 
Special case mentioned is based on this fact 

Since Scheuvel's solutions employing the quasi-static stability concepts 
are based on the premise that the roots are separable, the general characteris- 
tic equation wii. be set down without further comment and the special case 
Will be streeeed in preparation for the solution bv his quasi-static stability 
concepts. The errors involved in this approximation to the roots, especially 
as it increases with angle of attack, is discussed et lencth in Reference 1 
It is show that it ie a good approximation for low angles of attack, 1.e., oa 


but becomes unaccectable for angles of ettack near 1 . eepecially for neutral 
\ 
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» where z is a@ real or con- 


Agesuming a solution of the form, x = xe 
ples constant, the indicated operations on the variablee are then carried out 
The stability quartic résults from an expansion of the following determinant 
that follows from the fact that the equations are comesistent if the determ nant 


of their coefficients vanishes. 


Rearranging the equations by variables, 
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The eseumptions are made thet C. sin 4v- y* is negligible since near horizontal 


flight is aesumed, and that approximately, To = Do: 
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The ueual methods for the solution of quartics may be employed to solve 
this equatiao as it stands. The constants have been arranged in the particu- 
lar fachion shown for reasons to be mentioned later. 

e. the Case of Distinct Sets of Roots. 

Experience hae shown that the usual motion in flight consists of a long 

period, low frequency, lightly damped motion, called the phygoid or flight 

am. oscillaticn, and a short period, heavily damped motion, called the rotary 
oscillation. This suggests the factoring of the characteristic equation into 
two quadratic equations. 

The length of the period of the rotary oscillation has been found to be 


at most of 1-5 seccnds while that of the phygoid usually is of the order of 


30-60 seconds fo-> most conventional planes. This euggests that, due to the 








etant. Lhus thie moce le governea b&b equations 4.) End A.O WIN the terme ifn 
u eliminated. The solution for the phygoid can neither ignore the change in 
eueSity or envle of attack. Fowever, consideration of equation A.6 shows 
that, due to the lerge magnitude of the factor 4 diecussed in Appendix A, 

an approximation may be made that the terms containing this item are large 
compared to the cther terms. Solving this equation for & , the terms in & 
in equatione A.4 and A.5 are then expressed by a term in u. The phygoid will 
be solved for, as regards the information mentioned previously, by considera- 
tion of the equations enclosed by the dashed lines in the equation arroy modi- 
fied by the avproximation diecuesed above. The rotary oscill»ation will be con- 
cemned by the equations enclosed by the dotted lines in the array. 

a. The Phuzoid. 
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D. The cohort Period 
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Before proceedinz with the quasi-static stability development, it may be 
helpful if a reiteraticn be made of the specielization aesumed leading to 
thie development compared with methods of a more yeneral nature as in references 
land &. Both cf these references discuss the epeciel cace of the approximation 
to the roots resulting from the assumvtio thet the coluticn consists of two 
paire of complex rocte sufficiently separeted in magnitude t- warrant a factor- 
ing of the characteristice quartic. This facile solution is ueuwil in most 
cases but may not be cound for wnconvertional aircraft or even conventional . 
eircraft where additional facts must be consitered. These are, flexing of the 
@eeoentnt parte euch as wings anc tail surfacee of the aircraft, which would 
entail additional devrees of freedom, large changes in the coefficiente of the 
equations due to rapid devletion of a large fucl supplv and ite effect m@m the 
derivatives. Many of these latter conciceratione are undergoing exhaustive 
Study at present and do not lend themselves to any concise generalizations. 
From, say, a project engineer's point of view, especially in the initial etages 
Of design, concern is giver. to irformation aviilable from the most rapid end 
inexpensive data available. This is esvecially true et preaent since specifi-~ 
cations, the military in particular, require employment of the Pini design 
throushout larve ran;ecs in altitule, speed and weiszht. The assumption of the 
presence of two quite widely separated modes, however, ic scund for mest conven: 
ticnal aircraft end for unconventional aircraft at certain phaees of their 
flight history. The conditions that hold for the phuzoid were seen to be a 
clow Oecillaticn of long period and weve length and relatively light camping. 
BAe ster, osctlletion ie a short, heavily damped oscilletion. 


In regard tc ctandard methods, the ccufficients needed to determine the 


constants for the final solutione cf t equstions of moticn are obtained 


primarily from static wind tunnel tects. This ie the rule fo: the values of 
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monent witr & . See reference 5. A dynemic wind tunnel test is used to find 
C, + See referencee 1, 4 and 6. 

The coefficiente as they have been developed in this paper will ve eva lu- 
eted in much the same manner as regards those concerned with linear forces. 

7 
However, the method of evaluation of tte logerithmic derivatives will bé il- 
lustrated. As for the moment derivatives, the determination of va Will not be 

G 

discussed aceuning that it may be found by the usual methods. The static long: 
Peewee l stability criterion, “ts » is the quanitity that the next few pages wi. 
be concerned with. This quantity Dr. Scheubel determines in a quasi-static 
way. Qauci-ctatic in that it is developed f:om assumptions made on the dynamic 
motion of the aircraft. The two concepts, quasi-static stability at equilibri- 
um and at constant sveed, follow from the fact that an aircraft has two dis- 
tinct phases of motion following a disturbance. 

Cuasi-static stability at equilibrium of forces is eesentially a considera: 
tion of the equilibrium conditions reached at a time in the flight history 
follewin,, a disturbar.ce at which the new velocity is obteined. This new veloc’: 
ty is the initial value plus the incremental increase due to the perturdation. 
The cuasi-static stability at constant speed develcpment holds for the rele-~- 
tively short period followings the disturbance in which the volocity is assumed 
not to havo reaches its final velue. 

The dynamic response to an elcvator deflection is dicectec, so to speak, 
to g-ve these two quaci-static concents. The aircraft is initially in eteady, 


nearly horizontal straight flight. ‘Starting from this steady straight flight, 


We acesume that the elevetor enle, & , hae been changed suddenly b COruer Tr 


r 
e , 


amount, & 


we ack whet will hapwen. 








tudinal moment and @ emall change in Lift. This Ictter chenge 1e so emall 

it is neglected. The change in moment dicturbing, the equilibrium gives an 
ansular velocity abcut the lateral axis, and, due to this, the engle of at- 
tack is changed too. A chenge in the angle of attack givee rise to a change 
es the lift coefficient and by it a change in lift. ‘Co thé equilibrium of 
forces pervendicular to the direction of flight ie é@ieturbed too. All these 
effecte hold during the initial portion of the period following the dietur- 
bance, i.e., during the first few eecaonds. In addition, it is assumed that 
the speed remains eceentially conetent during this period. 

This then ig the situation maintaining for quasi-static stability at con- 
stant speed end considers the change in force perpendiicular to the flight 
path caused by the initial curvature of the flight path and the change in mo- 
ments reeulting from the dieburbance. 

Eventually the change in elevator causing the change in angle of atteck 
Meemeby the lift coefficiert results in the aircraft cttaining a new steady 
evtate, that is a new ooint of equilibrium of forces and moments et a certain 
speec, V + dV, which is different from the initial one by cv. uasi-etetic 
stability at equilibrium concerne iteelf with thie porticn of the flight hie- 
tory. From experience it isc known that it takes an aircreft an appreciable 
time, ncrmally several minutes, for tke speed to adjust itself to a changed 
elevator displacement. 

1. Cuwasi-ctatic Stability at Fquilibriun. \ 

The inplicetion of an initial 
Steady ctate of noticn necessitates oqui- 
librium of forcee and of moments. From 


Figure 4 this ie seen to be, 
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Having started from nearly horizontal flight the flight path will remain 
nearly horizontal for sufficiently small changes so that the component of the 


weight perpendicular to the path remins almost unchanged. From the second 


equaticn, that of equilibrium of forces perpendicular to the path of flight, 


tien, 
d(L - W cos &’ ) = dL = 0, since, as before sin } = y= O. 
ra 
Vv q AV _ 
dL. 9 = 8+ cco = 0 
now, 
OC ae VC 
ie L L 
<1 Go °°" oy SG 
ie 
60 that, 
aK CE oy av ewe 
sqee + o, (PS 
or, 
i oC, 
“pra inv= - “Be - ag 
C.(2 + — 
i? + Say) 
then finally, ac, 
a Gay | _ | aX 
; qa «x - Oo inc 


CO (4 L 
op? + nV? 


wnere the subscript E indicates an equilibrium consideration with the aseump- 

tions implies above. This equation is neither a partial nor a total derivctive 

from a mathematical point of view and caution must be exercised in hendling it. 
If the new state of motion is a steady one, which it must be, 

dc, =M- M A = 0. The moment coefficient depends on % , V, on and the angu- 

lar velocity, = - Since, however, it is aseumed that the flight path hese no 


curvature at the new steady eteate, and, indeed, in actuality euch would be the 


case, the angular velocity is zero. Thus the quantity, q, does not appear. 
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Having started fcom nearly horizontal Might the flight path will remain 
nearly horizontal for sufficiently small changes so that the component of the 
weight perpendicular to the path remains almost unchanged. From the second 


equaticn, that of equilibrium of forces perpendicular to the path of flight, 


then, 
d(L - W cos & ) = dL = 0, since, ae before sin & = = O. 
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wnere the subscript E indicates an equilibrium consideration with the aseump- 

ticns implies above. This equation is neither a partial nor a total deriv-tive 

from a mathematical point of view and caution must be exercised in hendling it. 
If the new state of motion is a steady one, which it muet be, 

dC,,=M-M = 0. The moment coefficient depends on &% , Vv, S , and the angu- 

lar velocity, = - Since, however, it is asevumed that the flight path has no 


curvature at the new steady etete, and, indeed, in actuality euch would be the 


case, the angular velocity is zero. Thus the quantity, q, does not appear 
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This then, is a new etability requirement thet applies to thet phese of 
the longitudinal motion described and implied from the previous discussion. 
This requirement certainly is sound. For an aircraft which does not have this 
quasi-ctatic stability will be unstable in es much as for any disturbed state 
of motion, enfdrced by an elevator displacement, will show the tendency to 
move its elevator further in this direction, so increasing the deviation 


from its initial estate. 


dc 
, he usual static stability criterion, wa is coneidered either, 
dC adc dc dc 
- = 1 or, - =_ (x - ) The quantit —- in either of the above ie 
aC. dx’ aK a ha 4 yo ax ? ; 
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& constant throughout the usual range of normal flight, i.e, wmstalled Plight. 
The value of x - x, can be found graphiclly from wind tunnel deta of Cy V8: 
Ur as explained in reference 5. This is the more informtive quantity since 
& Ghift in the center of gravity ie more readily determined throughout the 
flight hietory. 

The firet term in equation C.2 is very similer to the static stability 


criterion above. However for comparison, equation C.2 is written in ites en- 


tirety as, 





where Katie is a new neutral point that takes into ec.ount variation of the 
neutral point with velocity, i.e., compressibility effects. First, it is 

noted thet variation of lift coefficient with angle of attack differs between 
the two. This is due to the fact that the ordinary determination of the chenge 
of lift coefficient with angle of attack is accomplished in wind tunnel tests 
where the streem velocity is kept constant. The reeults are then based on a 
constant dynamic pressure, whereas the present development is not. The dif- 
ference between the two is about 1-30/0 and is sumed negligible. The quantity 
Xv le moves with reepect to velocity, dynamic preesure, deflection of the fuse- 
lage, twiet of the wings and horizontal stabilizer. A comparison with the 
movement of the usual etatic stability neutral point will be made only with 
reepect to variation with velocity and dynamic pressure. Figure 5 shows the 
variation with velocity of three different aspects of stability at sea level. 
mW are: (e) static etability only, (b) quasi-static stability assuming the 


zero lift moment coefficient, C , to be -0.02, and (c) quasi-static stabdili- 


a 


ty with zero lift coefficient ° assumed zero. Figure 6 shows the comparison 


of the same quantities at altitude. Here the decrease in the stability m-rgin 
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the dynamic preseure in the denominator of the additional term, fi.e., Cy in 
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2, Cuasi-Static Stability at Constant Speed. 

Recalling the discussion of the conditione holding following the imposing 
of a small elevator deflection on the steady state, it was seen that in the firs 
eel) interval fcllowing the change the speed doses not change appreciably. Thue 
the quasi-static stability at equiliobrium concept does not hold for this phase 
of the disturbed motion. It was further seen that the equilibrium of forces 
perpendicular to the direction of flight ig disturbed too. The equation of mo- 
tion for this direction shows what happens. 

cf a force is exerted on a body moving in a certain direction, its path 
will a or See Figure 7. If an 


aircraft, the motion may become rather 


RAL y, 


complicated, for, due to the curvature 
of the flight path in a vertical plane, 
the componer:it force of the weight per- 
pendicular to the path changes too. 


Restriction to small disturbances close 





to horizontal flight allows neglecting 
the changes in the weight component. : Figure 7. 
For instance, a change in angle of flight path of 15° givee only 2 o/o change. 


F q , 
The centripetal acceleration is V oe The equation of motion is therefore, 
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and, multiplying by = and noting that a= Fa there is 
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ine tern, , may be neglected since << ie small compared to aa 


5 
and, also, the usually lerge magnitude Of AA makes it negligible compared to 
unity. dnic ic also the common approximation ae seen by the neglecting ofr 


and Z in references 1, 3 and 4. 
oc 
Thus there is the reletion ae = a resulting from a coneidera- 
: ‘ee OX A? Towel 


ween Of the forcee perpendicular to that of flight in the first inetant follcwe 
_ a disturbance. 

This curvature of the flight path or angular velocity has an influence on 
the equilibrium of moment about the lateral axis. So a consideration of the 
pee iibriun of moments along this curved flight path involves the change in 
elevator deflection, the change in angle of attack and this angular velocity. 
The effoct of velocity is omitted because of the assumptions of thie phese of 


EaeemOtion. There ie then, 
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This expreesion is similar to the one found for the ecuilibdrium of a stead 


state of flight enforces by a certain elevator dispvlncement. It contains the 
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called "quasi-static etability at conetent speed”. A comparison of thie quan- 
tity with the ueusl ctatic etability is seen following a further evaluation. 


The angular velocity causes the angle of atteck of the horizontal tail 


plain, X ,» +0 change by the amount, 
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Thie change in tail angle of attack gives rice to en increase in lift coef- 


Pacient of the horizontal tail pianeé, afte and by it a decrease in moment about 
the lateral axis, - 
dc. = - dc - 
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and, having noted its cdependence on angular velocity, there is, 
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This quantity, mey be determined by a dymanic wind tiumnel test de- 


or ; 
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ecribed in reference 1, or by use Of the curved-flow technique referred to in 


fe : f 
reference 6. 
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The term, “dex » added to the static etability is alvays negative, 
at ‘ V 


ry § 2 


since or is a damping derivative. Thus thie is an increase in static etabili- 


; 
ty and the neutral point corresponding to this quasi-static etability is be- 
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his parent improvement over wind tunnel static stability te seen to be 
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larzer for-an aircreft of small win, Lin t low altitude than for one of 


the high winyz loadin, t hil ltitude. 








